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αποκρυσταλλωμένη την αλήθεια που φέρουν.
Πρωτίστως, θέλω να απευθύνω τις θερμές μου ευχαριστίες:
Στον επιβλέποντα καθηγητή κ. Βασίλη Μποντόζογλου, για την ανάθεση ενός 
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μας. Τον λέκτορα κ. Μαργαρίτη Κώστογλου για τις εποικοδομητικές συζητήσεις μας, 
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ΕΚΤΕΤΑΜΕΝΗ ΕΛΛΗΝΙΚΗ ΠΕΡΙΛΗΨΗ
Στη διατριβή εξετάζεται η ανάπτυξη φυσαλίδων μέσα σε υγρό κορεσμένο με 
διαλυμένο αέριο, όταν η θερμοκρασία του υγρού αυξάνεται τοπικά πάνω από τη 
θερμοκρασία κορεσμού, αλλά κάτω από το σημείο βρασμού του. Η δημιουργία και η 
ανάπτυξη φυσαλίδων αέριας φάσης μέσα σε υγρό παίζει σημαντικό ρόλο σε 
διάφορους τομείς της τεχνολογίας (παρασκευή γυαλιού, πολυμερικών αφρών, 
ανθρακούχων ποτών, διαχωρισμοί επίπλευσης, μεταφορά θερμότητας με βρασμό), 
σε γεωφυσικά φαινόμενα (απαέρωση ηφαιστείων) αλλά και στην ανθρώπινη 
φυσιολογία (νόσος δυτών).
Τα πειράματα που παρουσιάζονται διεξήχθησαν σε συνθήκες μικροβαρύτητας 
κατά τη διάρκεια παραβολικών πτήσεων του ευρωπαϊκού οργανισμού διαστήματος 
(ESA). Το περιβάλλον μικροβαρύτητας διατηρεί το σχήμα των φυσαλίδων σφαιρικό 
και εκμηδενίζει τη φυσική συναγωγή, επιτρέποντας έτσι λεπτομερέστερη εξέταση της 
μοριακής μεταφοράς θερμότητας/μάζας (διάχυση) και των διεπιφανειακών 
φαινομένων (θερμοτριχοειδής συναγωγή). Μελετώνται τέσσερα υγρά με διαφορετικές 
θερμοφυσικές ιδιότητες, ενώ το αέριο κορεσμού είναι πάντα διοξείδιο του άνθρακα. 
Οι φυσαλίδες αναπτύσσονται στην άκρη ενός μικρού, σχεδόν σφαιρικού θερμαντήρα 
(thermistor) και στην επιφάνεια ενός επίπεδου θερμαντήρα, ενώ η εξέλιξή τους 
καταγράφεται οπτικά και αναλύεται με επεξεργασία εικόνας.
Διαπιστώθηκε ότι η πυρηνογένεση παρουσιάζει χρονική υστέρηση αντιστρόφως 
ανάλογη της θερμοκρασίας του θερμαντήρα (ή, ισοδύναμα, της θερμικής ισχύος που 
καταναλώνεται). Ο ρυθμός ανάπτυξης της φυσαλίδας εξαρτάται ισχυρά από τις 
ιδιότητες του υγρού. Για το ίδιο υγρό, αύξηση της θερμικής ισχύος οδηγεί σε ταχύτερη 
ανάπτυξη. Πέραν ορισμένης ισχύος (χαρακτηριστικής για κάθε υγρό) αναπτύσσονται 
ταυτόχρονα περισσότερες της μίας φυσαλίδες οι οποίες ανταγωνίζονται για το 
διαθέσιμο διαλυμένο διοξείδιο. Οι φυσαλίδες που αναπτύσσονται στο ευνοϊκότερο 
υγρό (κ-επτάνιο) παρουσιάζουν έντονη εγκάρσια κινητικότητα και φαινόμενα 
συγχώνευσης, θερμοτριχοειδούς έλξης και εξαναγκασμένης αποκόλλησης.
Διαμορφώθηκε μοντέλο σφαιρικά συμμετρικής διάχυσης θερμότητας/μάζας για 
την πρόβλεψη του ρυθμού αύξησης της ακτίνας της φυσαλίδας. Ισοθερμοκρασιακή 
ανάπτυξη (με θερμοκρασία φυσαλίδας ίση με του θερμαντήρα) οδηγεί σε νόμο της 
μορφής R~t05, και επαληθεύεται πειραματικά μόνον κατά τα πρώτα λίγα 
δευτερόλεπτα της εξέλιξης. Το μοντέλο χρησιμοποιήθηκε για την επίλυση του 
αντίστροφου προβλήματος (πρόβλεψη της χρονικής εξέλιξης της μέσης 
θερμοκρασίας φυσαλίδας με βάση την μετρημένη μεταβολή του μεγέθους της) και
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έδειξε ότι η φυσαλίδα σταδιακά υπολείπεται όλο και περισσότερο της θερμοκρασίας 
του θερμαντήρα λόγω της αύξουσας επίδρασης της ψυχρής κύριας μάζας του υγρού.
ii
ΕΙΣΑΓΩΓΗ
Η δημιουργία και η ανάπτυξη των φυσαλίδων παίζει σημαντικό ρόλο σε 
διάφορους τομείς της τεχνολογίας, όπως στα πολυμερή (παρασκευή πολυμερικών 
αφρών) και στην επεξεργασία του γυαλιού, στους διαχωρισμούς με επίπλευση, στις 
αντλίες και στα υδραυλικά συστήματα ανάκτησης ενέργειας π.χ. Clift et al. 1978, Yoo 
& Han 1982, Payvar 1987, Arefmanesh et al. 1992.
Η μελέτη της δημιουργίας και της δυναμικής των φυσαλίδων είναι σημαντική σε 
βιομηχανικές εφαρμογές όπως οι αντλίες θερμότητας, οι εναλλάκτες θερμότητας, τα 
συστήματα ψύξης, η ψύξη μικροεπεξεργαστών και η επεξεργασία των υλικών 
(Steiner et al., 2005, Arefmanesh et al., 1992; Payvar, 1987; Yoo and Han, 1982; 
Uhlmann, 1982, Clift et. al., 1978). Επιπλέον είναι σημαντική στη Γεωλογία κατά τη 
διάρκεια της εκρηκτικής απαέρωσης του μάγματος των ηφαιστείων (έκρηξη του Lake 
Nyos στο Καμερούν, Evans, 1996). Η δημιουργία των φυσαλίδων και η δυναμική της 
ανάπτυξής τους είναι επίσης σημαντική και για την τεχνολογία των τροφίμων 
(παρασκευή ανθρακούχων αναψυκτικών και κρασιού, Barker et al., 2002) και για την 
ανθρώπινη φυσιολογία, όπου μπορούν να δημιουργηθούν φυσαλίδες αζώτου στο 
κυκλοφορικό σύστημα των δυτών, των αστροναυτών ή ακόμα και των επιβατών 
αεροπλάνου κατά τη διάρκεια σοβαρών περιστατικών αποσυμπίεσης (Scrinivasan et 
al., 2000; Kislyakov and Kopyltsov,1998; Van Liew and Burkard,1995). Τέλος, η 
δημιουργία και η δυναμική των φυσαλίδων είναι σημαντική για τη μελέτη φυσικών 
φαινομένων όπως η πυρηνογέννεση και ο βρασμός.
Η ανάπτυξη των φυσαλίδων που διέπεται από μεταφορά μάζας, μπορεί να 
προκληθεί από ένα κορεσμένο διάλυμα, είτε με ελάττωση της πίεσης (αποσυμπίεση), 
είτε με αύξηση της θερμοκρασίας.
Τα πειράματα που περιλαμβάνουν την αύξηση της θερμοκρασίας-αν και πολύ 
ενδιαφέροντα από βασικής και εφαρμοσμένης σκοπιάς - όταν διεξάγονται σε γήινες 
συνθήκες είναι δύσκολο να ερμηνευτούν εξαιτίας της παρεμποδιστικής επίδρασης 
της άνωσης και για το λόγω αυτό έχουν κινήσει ελάχιστα το ενδιαφέρον της 
βιβλιογραφίας.
Τα πειράματα σε συνθήκες μικροβαρύτητας επιτρέπουν την αποδέσμευση της 
ανάπτυξης της φυσαλίδας από την επίδραση της βαρύτητας και καθιστούν πιο 
εύκολη την κατανόηση των βασικών μηχανισμών που επικρατούν στα
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παρατηρούμενα φαινόμενα. Επιπλέον, οι συνθήκες μικροβαρύτητας επιτρέπουν τη 
μελέτη μεγαλύτερων φυσαλίδων όπου η αδράνεια, το ιξώδες και η επιφανειακή τάση 
είναι λιγότερο σημαντικά και στη διαδικασία επικρατούν τα φαινόμενα διάχυσης 
μάζας και θερμότητας.
Σκοπός της μελέτης
Ο σκοπός της παρούσας εργασίας είναι η μελέτη της ανάπτυξης των φυσαλίδων 
διαλυμένου αερίου, υπό συνθήκες όπου τόσο η διάχυση μάζας και θερμότητας αλλά 
και η τάση ατμών του υγρού είναι σημαντικά. Ένας μικρού μεγέθους σφαιρικός 
θερμαντήρας χρησιμοποιείται ως θερμαντικό μέσο, έτσι ώστε να εξασφαλίσει την 
ταυτόχρονη παρουσία των παραγόντων της θερμοκρασίας και της συγκέντρωσης. 
Για το λόγω αυτό επιτυγχάνεται τοπικός υπερκορεσμός σε ένα μεγάλο όγκο 
κορεσμένου διαλύματος που οδηγεί σε απαέρωση λόγω αύξησης της θερμοκρασίας.
Τα πρωτογενή πειραματικά δεδομένα περιλαμβάνουν χρονοσειρές θερμοκρασίας 
και μεγέθους φυσαλίδων για διάφορα υγρά, θερμικούς παλμούς και θερμοκρασίες. 
Τα πειράματα αυτά διεξήχθησαν κατά την περίοδο της μικροβαρύτητας που 
επιτυγχάνεται κατά την παραβολική τροχιά ενός αεροπλάνου, σε δύο καμπάνιες 
παραβολικών πτήσεων του ευρωπαϊκού οργανισμού διαστήματος (ESA).
Παράλληλα με την πειραματική μελέτη, έχουν αναπτυχθεί και επιλυθεί (αναλυτικά 
και/ή υπολογιστικά) διάφορα θεωρητικά μοντέλα που προσομοιώνουν τις 
πειραματικές συνθήκες και βοηθούν στην ερμηνεία των παρατηρούμενων 
φαινομένων.
ΒΙΒΛΙΟΓΡΑΦΙΚΗ ΑΝΑΣΚΟΠΗΣΗ
Πυρηνογένεση -Ανάπτυξη φυσαλίδας με μεταφορά μάζας και θερμότητας.
Η ανάπτυξη των φυσαλίδων είναι μία σύνθετη διαδικασία, που περιλαμβάνει ως 
πρώτο βήμα τη δημιουργία ενός πυρήνα αέριας φάσης (πυρηνογένεση), και στη 
συνέχεια ένα συνδυασμό μεταφοράς μάζας και/ή θερμότητας και ορμής μεταξύ της 
αναπτυσσόμενης φυσαλίδας και του υγρού που την περιβάλει.
Υπάρχουν πολλές μελέτες που ερευνούν την ετερογενή πυρηνογένεση σε στερεά 
τοιχώματα, οι οποίες περιλαμβάνουν είτε φυσαλίδες που προέρχονται από βρασμό, 
είτε φυσαλίδες διαλυμένου αερίου που δημιουργούνται από ελάττωση της πίεσης ή 
αύξηση της θερμοκρασίας των υγρών, π.χ. Li and Peterson, (2005); Lee et al., 
(2003); Jones et al. (1999a; 1999b). Άλλες μελέτες ερευνούν το ρυθμό ανάπτυξης 
των φυσαλίδων που ελέγχεται από τη μεταφορά μάζας (φυσαλίδες διαλυμένου
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αερίου, Payvar, 1987) ή από τη μεταφορά θερμότητας (φυσαλίδες ατμού, Robinson 
and Judd, 2001). Υπάρχουν επίσης και κάποιες μελέτες στις οποίες γίνεται σύγκριση 
της μεταφοράς μάζας και της μεταφοράς θερμότητας ως μηχανισμών ελέγχου της 
ανάπτυξης φυσαλίδας ατμού από ένα δυαδικό διάλυμα με μη πτητικό διαλύτη 
(Miyatake et al., 1994).
Οι επικρατέστερες σχέσεις που περιγράφουν την ανάπτυξη της σφαιρικής 
φυσαλίδας με μεταφορά μάζας και θερμότητας έχουν παρουσιαστεί από τον Scriven 
(1958). Ο Scriven παρουσίασε μία αναλυτική λύση ομοιότητας, για την ανάπτυξη 
φυσαλίδας μέσα σε άπειρο υγρό διαρκώς υπέρκορο, η οποία αποτελείται από έναν 
εκθετικό νόμο της μορφής (R~ta με a=0.5) που δίνει την εξάρτηση της ακτίνας της 
φυσαλίδας, R, από το χρόνο.
Στα πειράματα βρασμού οι αναφερόμενες τιμές για τον εκθέτη a, διαφέρουν. Ο 
Saddy και ο Jameson (1971), πρότειναν το a=0.75 για την πυρηνογέννεση κατά το 
βρασμό του νερού. Οι Strenge et al (1961) ανέφεραν ότι οι τιμές του a κυμαίνονται 
μεταξύ 0.312 και 0.512 για το βρασμό του πεντανίου. Επιπλέον, ο Rosner και ο 
Epstein (1972) υπολόγισαν τις αποκλίσεις από τον εκθετικό νόμο για φυσαλίδες που 
αναπτύσσονται σε υπομικροσκοπική κλίμακα.
Αντίθετα, πειράματα ανάπτυξης φυσαλίδων διαλυμένου αερίου από υπέρκορα 
διαλύματα, σε ισοθερμοκρασιακές συνθήκες, ακολουθούν πιστά τον εκθετικό νόμο με 
εκθέτη 0.5, από την έναρξη της δημιουργίας της φυσαλίδας μέχρι το τέλος της 
ανάπτυξής της. Επισημαίνεται όμως ότι αυτά τα πειράματα διεξήχθησαν 
λαμβάνοντας υπόψη περισσότερο το μηχανισμό της πυρηνογένεσης παρά την 
ανάπτυξη της φυσαλίδας (Jones et al. 1999b). Αυτός είναι ο λόγος που τα 
περισσότερα πειράματα έγιναν σε χαμηλές θερμοκρασίες, όπου η επίδραση της 
τάσης ατμών του υγρού είναι μικρή.
Φαινόμενο Marangoni
Η κίνηση του υγρού εξαιτίας της μεταβολής της επιφανειακής τάσης σε 
διεπιφάνεια αερίου /υγρού ονομάζεται φαινόμενο Marangoni και έχει μελετηθεί στο 
παρελθόν από πολλούς μελετητές από διάφορες προσεγγίσεις.
Η πρώτη αναλυτική λύση του φαινομένου Marangoni γύρω από ημισφαιρική 
φυσαλίδα η οποία είναι τοποθετημένη σε στερεή επιφάνεια και η οποία υπόκειται σε 
σταθερή θερμική ροή έγινε από τον Larkin (1970), ο οποίος πρότεινε μεταβατικές 
αριθμητικές λύσεις για τα πεδία θερμότητας και ροής τα οποία εξαρτώνται από τους 
αριθμούς Prandtl και Marangoni.
Μια θεωρητική προσέγγιση της ροής Marangoni σε φυσαλίδα ατμού η οποία είναι 
τοποθετημένη πάνω σε θερμαινόμενη επιφάνεια έγινε από τον Gaddis (1972) για ένα
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Vεύρος αριθμού Marangoni μεταξύ 0 και 125 and αριθμού Biot από 0 σε 100. Η πιο 
περιεκτική περιγραφή της ροής Marangoni δόθηκε από τον Raithby (1972), ο οποίος 
εξέτασε τα φαινόμενα της επιφανειακής τάσης κατά την διάρκεια βρασμού του νερού 
σε θερμαινόμενη επιφάνεια προσανατολισμένη προς τη διεύθυνση της βαρύτητας.
Οι Wozniak et al. (1990, 1996) εξέτασαν πειραματικά την αποτελεσματικότητα της 
τεχνικής PIV για την οπτικοποίηση της ροής η οποία προκαλείται από τη μεταβολή 
της επιφανειακής τάσης σε συνθήκες βαρύτητας και σε συνθήκες μικροβαρύτητας.
Παράπλευρα φαινόμενα
Κατά το βρασμό και την ηλεκτρόλυση υπάρχει ένδειξη ότι οι φυσαλίδες δε 
μεγαλώνουν πάντα πάνω στο σημείο της εμφάνισής τους (nucleation site), αλλά 
μερικές φορές εκτελούν πλευρικές κινήσεις κατά μήκος του θερμαντήρα/ηλεκτροδίου 
και αλληλεπιδρούν με άλλες φυσαλίδες (Sides et al. 1984, Wang et al., 2002 and Lu 
et al. 2005). Αυτή η συμπεριφορά προκαλεί διαταραχή στο τοπικό οριακό στρώμα 
του υγρού και οδηγεί σε ανακατανομή των φυσαλίδων στην επιφάνεια του 
θερμαντήρα/ηλεκτροδίου που μπορεί να επηρεάσει την απόδοση του.
Οι ίδιοι τύποι φαινομένων παρατηρούνται σε πειράματα με βρασμό. Οι Chen και 
Chung (2002) διεξήγαγαν πειράματα στην επιφάνεια μικροθερμαντήρων και 
παρατήρησαν συγχώνευση όταν οι φυσαλίδες αναπτύσσονταν έως κάποιο 
συγκεκριμένο μέγεθος που τους επέτρεπε να έρχονται σε επαφή. Παρόμοιες 
παρατηρήσεις έγιναν και σε άλλο πείραμα βρασμού πυρήνων (Wang et al. 2002), 
πάνω σε λεπτά, οριζόντια σύρματα πλατίνας.
3 ΘΕΩΡΗΤΙΚΗ ΠΡΟΣΕΓΓΙΣΗ
Το φυσικό κίνητρο για τα ισοτροπικά μοντέλα
Η ακολουθία των φαινομένων μετά την έναρξη της θέρμανσης είναι η εξής: 
αρχικά, αναπτύσσεται ένα μεταβατικό θερμοκρασιακό πεδίο στο υγρό γύρω από το 
σφαιρικό θερμαντήρα. Καθώς η θερμότητα διεισδύει μέσα στο υγρό, η θερμοκρασία 
της επιφάνειας του σφαιρικού θερμαντήρα αυξάνεται σταδιακά (περισσότερη 
θερμότητα προσφέρεται από ότι απομακρύνεται) μέχρι να αναπτυχθεί μόνιμη 
κατάσταση. Κάποια στιγμή - προτού ή αφού επιτευχθεί η μόνιμη κατάσταση - ο 
υπερκορεσμός του υγρού σε διαλυμένο C02 οδηγεί στη δημιουργία μιας φυσαλίδας 
πάνω στην επιφάνεια του θερμαντήρα. Το γεγονός αυτό λαμβάνει χώρα σε ένα 
σημείο πυρηνογένεσης στην επιφάνεια του θερμαντήρα με μεγάλη ενέργεια 
(ετερογενής πυρηνογένεση). Η απότομη εμφάνιση της φυσαλίδας καταστρέφει τη
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σφαιρική συμμετρία του θερμοκρασιακού πεδίου που επιβάλλεται από το σφαιρικό 
θερμαντήρα και καθιστά το πρόβλημα τρισδιάστατο.
Τα χαρακτηριστικά του πειράματος είναι τέτοια ώστε να επιτρέπουν μία πρώτη 
προσέγγιση που βασίζεται σε ισοτροπικά αναπτυσσόμενη σφαιρική φυσαλίδα. Πιο 
συγκεκριμένα, η επιφάνεια του σφαιρικού θερμαντήρα είναι επικαλυμμένη με μία 
λεπτή στρώση γυαλιού και αφού το γυαλί είναι πλήρως διαβρέξιμο(υδρόφιλο), η 
γωνία επαφής μεταξύ του σφαιρικού θερμαντήρα και του υγρού για μία αργά 
αναπτυσσόμενη φυσαλίδα, είναι πάρα πολύ μικρή. Επιπλέον, ο θερμαντήρας έχει μία 
ιδιαιτέρως καμπύλη (σχεδόν σφαιρική) επιφάνεια και ως συνέπεια, μία μικρή 
μετατόπιση της γραμμής επαφής της φυσαλίδας και του θερμαντήρα (ενώ διατηρείται 
σταθερή η γωνία επαφής) θα απαιτούσε μεγάλη αύξηση στον όγκο της φυσαλίδας. 
Αυτό σημαίνει ότι στην συγκεκριμένη περίπτωση η μικρή περιοχή επαφής μεταξύ της 
φυσαλίδας και του θερμαντήρα μεταβάλλεται μόνο ελάχιστα καθώς η φυσαλίδα 
αναπτύσσεται μέχρι κάποιο λογικό μέγεθος.
Βασισμένος στην παραπάνω αιτιολόγηση, ο λέκτορας Δρ. Μ. Κώστογλου 
ανέπτυξε ένα μονοδιάστατο μοντέλο, το οποίο εφάρμοσε ο Ν. Διβινής στα 
πειραματικά αποτελέσματα. Αρχικά η θερμοκρασία της φυσαλίδας θεωρείται σταθερή 
και προκύπτει μία λύση ομοιότητας. Εναλλακτικά, υποθέτουμε ότι η θερμοκρασία της 
φυσαλίδας μεταβάλλεται και επιλύεται το αντίστροφο πρόβλημα, κατά το οποίο η 
χρονική εξάρτηση της θερμοκρασίας υπολογίζεται από τον παρατηρούμενο ρυθμό 
ανάπτυξης της φυσαλίδας. Συγκρίνοντας και στις δύο περιπτώσεις τις θεωρητικές 
προβλέψεις με τις μετρήσεις αποκαλύπτονται σημαντικές πληροφορίες για τα 
φαινόμενα που διέπουν την ανάπτυξη των φυσαλίδων.
Η ανάπτυξη του μονοδιάστατου μοντέλου
Μία πρώτη προσέγγιση είναι να θεωρηθεί η γεωμετρία της φυσαλίδας τέλεια 
σφαιρική και να αντικατασταθεί η θερμή επιφάνεια με μία πηγή θερμότητας στο 
κέντρο της φυσαλίδας (Σχήμα 3.1). Προφανώς, αυτή η υπόθεση έρχεται σε αντίθεση 
με τα πρώτα στάδια αύξησης της φυσαλίδας, όπου το σχήμα είναι περίπου 
ημισφαιρικό (bubble cup), αλλά αυτή η εργασία δεν αφορά αυτό το χρονικό διάστημα 
(τυπικά για t<10 ms; Straub 2000). Η σφαιρικότητα της φυσαλίδας οδηγεί σε μία 
πολύ σημαντική απλοποίηση του μαθηματικού μοντέλου, το οποίο καθίσταται 
μονοδιάστατο. Οι Campos & Lage (2000) χρησιμοποίησαν μία παρόμοια 
προσέγγιση, για την προσομοίωση του σχηματισμού υπέρθερμων φυσαλίδων σε ένα 
ακροφύσιο.
Το πρόβλημα της ανάπτυξης φυσαλίδων αερίου συνδέεται με διάφορες χρονικές 
κλίμακες (scales). Αυτές είναι οι χρονικές κλίμακες της διάχυσης μάζας και της
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θερμικής αγωγιμότητας στα ζεύγη αέριας και υγρής φάσης. Η σπουδαιότητα κάθε 
κλίμακας αποτιμάται με τη σύγκρισή της με την χρονική κλίμακα ανάπτυξης της 
φυσαλίδας. Έτσι διαπιστώνεται ότι τα φαινόμενα μεταφοράς στην αέρια φάση είναι 
ταχύτατα, με αποτέλεσμα η συγκέντρωση και η θερμοκρασία στη φυσαλίδα να 
μπορούν να ληφθούν χωρικά σταθερές. Επιπλέον, η συμπιεστότητα μπορεί να 
παραλειφθεί χωρίς σφάλμα για τις σχετικά μικρές ταχύτητες της ανάπτυξης της 
φυσαλίδας που υπάρχουν στα υπάρχοντα πειράματα και η πίεση στο εσωτερικό της 
φυσαλίδας μπορεί να θεωρηθεί σταθερή.
Λύση ομοιότητας για σταθερή θερμοκρασία φυσαλίδας
Αν θεωρηθεί ότι η θερμοκρασία της φυσαλίδας είναι σταθερή και γνωστή, δηλαδή 
ίση με τη θερμοκρασία της θερμαντικής επιφάνειας, μπορεί να προσδιοριστεί 
ανεξάρτητα ο ρυθμός ανάπτυξης της φυσαλίδας και ο απαιτούμενος ρυθμός 
προσφοράς θερμότητας. Αυτό επιτυγχάνεται με την ανάπτυξη λύσης ομοιότητας που 
αποσυνδέει τα προβλήματα της μεταφοράς μάζας και θερμότητας. Η λύση 
ομοιότητας λαμβάνεται με την υπόθεση ότι η θερμική αγωγιμότητα και η διαχυτότητα 
στο υγρό είναι σταθερές. Οι εξισώσεις που περιγράφουν το μοντέλο είναι οι (1) έως 
(32) του κεφαλαίου 3 στο αγγλικό κείμενο.
Μη ισοθερμοκρασιακή ανάπτυξη φυσαλίδας
Έχοντας υπόψη ότι η ωθούσα δύναμη για την ανάπτυξη των φυσαλίδων είναι η 
διαφορά μεταξύ της συγκέντρωσης του διαλυμένου αερίου και της συγκέντρωσης 
ισορροπίας (διαλυτότητα) στην τοπική θερμοκρασία, μπορούμε να προχωρήσουμε 
ένα βήμα πιο πέρα. Το πρόβλημα μπορεί να προσεγγιστεί ξανά από ένα 
μονοδιάστατο μοντέλο, υπό την υπόθεση όμως ότι η φυσαλίδα αναπτύσσεται με μία 
χωρικά ομογενή αλλά χρονικά μεταβαλλόμενη θερμοκρασία. Αυτή η θερμοκρασία 
είναι η στιγμιαία μέση θερμοκρασία ολόκληρης της φυσαλίδας.
Προφανώς, η εξέλιξη της στιγμιαίας θερμοκρασίας της φυσαλίδας δεν είναι 
γνωστή (ο υπολογισμός της απαιτεί γνώση ολόκληρου του πεδίου ροής), αλλά με 
βάση το μονοδιάστατο μοντέλο, μπορεί να καταστρωθεί το αντίστροφο πρόβλημα. 
Δηλαδή, η εξέλιξη της θερμοκρασίας υπολογίζεται από την παρατηρούμενη στο 
πείραμα εξέλιξη της ακτίνας της φυσαλίδας. Συγκρίνοντας την υπολογισμένη εξέλιξη 
της μέσης θερμοκρασίας της φυσαλίδας με τη μετρημένη θερμοκρασία του 
θερμαντήρα, αποκαλύπτονται σημαντικές πληροφορίες για τα φαινόμενα που 
διέπουν την ανάπτυξη των φυσαλίδων. Η εξισώσεις που περιγράφουν το μοντέλο 
αυτό είναι οι (33) έως (49) στο κεφάλαιο 3 του αγγλικού κειμένου.
vii
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ΠΕΙΡΑΜΑΤΙΚΗ ΔΙΑΤΑΞΗ ΚΑΙ ΔΙΑΔΙΚΑΣΙΕΣ
Περιγραφή της πειραματικής διάταξης
Η πειραματική διάταξη κατασκευάστηκε στο εργαστήριο Van der Waals-Zeeman 
του Πανεπιστημίου του Άμστερνταμ, το οποίο συμμετείχε στα αρχικά στάδια της 
ερευνητικής προσπάθειας. Σειρά βελτιωτικών επεμβάσεων στη συσκευή, οι 
διαδικασίες βαθμονόμησης, καθώς και όλες οι μετρήσεις εδάφους διεξήχθησαν στο 
Εργαστήριο Γενικής και Ανόργανης Χημικής Τεχνολογίας του Αριστοτελείου 
Πανεπιστημίου Θεσσαλονίκης, στην Ελλάδα.
Τα κύρια μέρη της πειραματικής διάταξης
Τα κύρια μέρη της πειραματικής διάταξης σημειώνονται παρακάτω και 
περιγράφονται λεπτομερώς στα επόμενα υποκεφάλαια (Σχήμα 4.1).
1) Τα εναλλάξιμα κελιά (xSCU)
2) Τα θερμικά συστήματα που περιλαμβάνουν το θερμοστάτη (THU), τον 
εναλλάκτη θερμότητας (Hex) και το κιβώτιο αποθήκευσης των εναλλάξιμων 
κελλιών (SCSC)
3) Τα οπτικά συστήματα που χρησιμοποιούνται για την καταγραφή της εικόνας 
και το φωτισμό των φυσαλίδων
4) Τα ηλεκτρικά συστήματα που συμπεριλαμβάνουν την τροφοδοσία
5) Το σύστημα συλλογής θερμικών δεδομένων και
6) Το πλαίσιο, το οποίο συγκρατεί όλα τα μέρη της διάταξης σε προκαθορισμένο 
χώρο
Τα εναλλάξιμα κελιά (xSCU)
Το εναλλάξιμο κελί (Σχήματα 4.2, 4.3, 4.4 και 4.5) είναι ένας κλειστός σωλήνας, 
το κατώτερο μέρος του οποίου είναι κατασκευασμένο από γυαλί με εσωτερική 
διάμετρο 1.5 cm. Τα κελιά είναι ειδικά κατασκευασμένα ώστε να διατηρούν το 
εσωτερικό τους πλήρως καλυμμένο με υγρό καθ’ όλη τη διάρκεια των πειραμάτων, 
ώστε να αποτραπεί η ελεύθερη αιώρηση του υγρού κατά τη μικροβαρύτητα.
Ένας μικρός θερμαντήρας NTC, (Thermometries, Inc., Β10ΚΑ103Κ, glass coated 
bead thermistor, με ονομαστική ακτίνα ^=0.125 mm) λειτουργεί ως μία σχεδόν 
σφαιρική, σημειακή πηγή θερμότητας. Ο δεύτερος θερμαντήρας που βρίσκεται μέσα 
στο κελί είναι ένα πλατινένιο στρώμα επίπεδης αντίστασης - επίπεδος επιφανειακός 
θερμαντήρα -(3x7 mm, περίπου. 1 mm πάχος) που βρίσκεται στερεωμένο πάνω σε 
μία ειδική μη αγώγιμη βάση.
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Τα θερμικά συστήματα (Σχήματα 4.6, 4.7,4.8 και 4.9)
Το σύστημα ρύθμισης της θερμοκρασίας διατηρεί τα δείγματα σε μία 
συγκεκριμένη θερμοκρασία και ελέγχει την ισχύ στους θερμαντήρες. Η θερμική 
συμπεριφορά της συσκευής επιβλέπεται από ένα λογισμικό που αναπτύχθηκε 
ακριβώς για το λόγο αυτό (“Snoopy”, Sneep 1997). Αυτός ο κώδικας ελέγχει τη 
διάρκεια και την ισχύ των θερμικών παλμών. Επίσης καταγράφει συγκεκριμένο 
αριθμό θερμοκρασιών στα τοιχώματα του θερμοστάτη, απαραίτητο για να 
λειτουργήσει το σύστημα ρύθμισης της θερμοκρασίας.
Τα οπτικά συστήματα (Σχήμα 4.10)
Χρησιμοποιήθηκαν δύο έγχρωμες ψηφιακές κάμερες για την καταγραφή των 
φυσαλίδων που αναπτύσσονται στην επιφάνεια των θερμαντήρων. Για το σφαιρικό 
θερμαντήρα χρησιμοποιήθηκε μία Sony DCR-VX1000 (CCD) κάμερα, ενώ για τον 
επίπεδο θερμαντήρα μία κάμερα Canon MV-530i. Αυτές οι κάμερες ήταν 
ικανοποιητικές για τις απαιτήσεις των πειραμάτων και έχουν τα ακόλουθα 
χαρακτηριστικά: Ikxlk pixels, 24-bit ανάλυση RGB και ρυθμό καταγραφής 25 frames 
ανά δευτερόλεπτο (fps). Τα δεδομένα εικόνας καταγράφονται σε βιντεοκασέτες.
Το σύστημα συλλογής θερμικών δεδομένων
Η πτώση τάσης των θερμαντήρων (θερμική συμπεριφορά) κατά την διάρκεια των 
θερμικών παλμών καταχωρείται σε ένα σύστημα συλλογής δεδομένων.
Οι συσκευές των πειραμάτων εδάφους
Μαζί με τους θερμαντήρες που βρίσκονται μέσα στο xSCU, για τα πειράματα στο 
έδαφος χρησιμοποιήθηκαν δύο επίπεδοι δίσκοι-θερμαντήρες (Σχήμα 4.12) με 
διαφορετικές μορφολογίες επιφάνειας. Ο ένας έχει κυκλικά ομόκεντρα αυλάκια 
διατεταγμένα σε μία κανονική δακτυλιοειδή μορφή, ενώ ο άλλος έχει ευθύγραμμες 
μικροχαρακιές τυχαίου προσανατολισμού. Η διάσταση του αυλακωτού κυκλικού 
θερμαντήρα είναι D = 119 mm, ενώ αυτή του θερμαντήρα με τις χαρακιές είναι D = 
132 mm. Και οι δύο θερμαντήρες είναι κατασκευασμένοι από ανοξείδωτο χάλυβα. 
Στιγμιότυπα από την ανάπτυξη και την κίνηση των φυσαλίδων πάνω στην επιφάνειά 
τους καταγράφονται από μία μεγάλης ταχύτητας ψηφιακή κάμερα (Motion Scope PCI 
8000S, Redlake® Inc) με ρυθμό καταγραφής 250 frames/s. Ο φωτισμός 
επιτυγχάνεται από διάχυτο λευκό φως που παράγεται από δύο λάμπες των 500 W.
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Η διάταξη κορεσμού αττοτελείται από δύο διαφορετικού μεγέθους κυλινδρικά 
δοχεία (Σχήμα 4.14), εξοπλισμένα με δύο αντιστάσεις των 300 W και αντίστοιχους 
θερμοστάτες, ώστε να διατηρείται το υγρό στο δοχείο στην επιθυμητή θερμοκρασία 
κορεσμού (32±0.1 °C σε όλα τα πειράματα).
Πειραματική διαδικασία
Τα δοκιμαστικά υγρά
Τα υγρά που εξετάστηκαν είναι: νερό, ένα μίγμα γλυκερίνης/απιονισμένου νερού 
42/58%w/w (>99.5% Glycerol, BDH Laboratories supplies), ένα ρυθμιστικό διάλυμα 
χλωριούχου νατρίου (Phosphate Buffered Saline (PBS)) με pH=7,2 (Invitrogen 
Corporation) και κανονικό επτάνιο καθαρότητας 99,0% (Panreac Quimica).
To αέριο που χρησιμοποιήθηκε για τον κορεσμό είναι το διοξείδιο του άνθρακα 
(C02) το οποίο έχει καθαρότητα 99,99% (Air metal).
Ο κορεσμός των δοκιμαστικών υγρών με τη διάλυση του αερίου
Εξετάστηκε η κινητική της διάλυσης του C02 στο νερό για να βρεθεί ο χρόνος 
που απαιτείται ώστε να επιτευχθεί κορεσμός. Ο χρόνος έπρεπε να καθοριστεί για τη 
συγκεκριμένη διάταξη κορεσμού που χρησιμοποιήθηκε στις παραβολικές πτήσεις, με 
συγκεκριμένη παροχή αερίου και όγκο υγρού μέσα στο δοχείο.
Οι καμπάνιες παραβολικών πτήσεων (Σχήμα 4.15)
Τα πειράματα διεξήχθησαν κατά την 35η (Οκτώβριος 2003) και 38η (Οκτώβριος 
2004) καμπάνια παραβολικών πτήσεων του ευρωπαϊκού οργανισμού διαστήματος 
(ESA). Επίσης παρουσιάζονται τα αποτελέσματα από την 26η καμπάνια 
παραβολικών πτήσεων, που ήταν πρόδρομη των δύο τελευταίων, για συγκριτικούς 
σκοπούς. Οι πτήσεις πραγματοποιήθηκαν στο αεροδρόμιο Merignac, στο Μπορντό 
της Γαλλίας.
Κατά τη διάρκεια μίας καμπάνιας, η οποία αποτελείται από τρεις ξεχυυριστές 




Η επεξεργασία της εικόνας, που είχε καταγραφεί από τις ψηφιακές κάμερες, έγινε 
ώστε να βρεθεί το μέγεθος των φυσαλίδων και ο ρυθμός ανάπτυξής τους σε
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
XI
συνάρτηση με το χρόνο. Αυτό έχει επιτευχθεί χρησιμοποιώντας ένα πρόγραμμα 
γραμμένο στο Matlab® (Σχήμα 4.18 και παράρτημα A3).
Επεξεργασία των δεδομένων διαφοράς δυναμικού
Το σύστημα καταγραφής δεδομένων χρησιμοποιείται για την καταγραφή της 
πτώσης τάσης στο σφαιρικό θερμαντήρα κατά τη διάρκεια ενός θερμικού παλμού. 
Αυτή η τιμή με τη σειρά της χρησιμοποιείται για τον υπολογισμό της θερμικής ισχύος 
Ptherm, που διοχετεύεται από τον σχεδόν σφαιρικό θερμαντήρα στο περιβάλλον υγρό 
(Σχήμα 4.19).
Για να καθοριστεί η θερμοκρασία του θερμαντήρα, η αντίσταση των θερμαντήρων 
όλων των xSCU βαθμονομείται σε διάφορες θερμοκρασίες μεταξύ των 30 °C και των 
90 °C με τη βοήθεια ενός υδρόλουτρου ρυθμιζόμενης θερμοκρασίας. Οι καμπύλες 
βαθμονόμησης παρατίθενται στο Παράρτημα Α2.
Λογισμικό “Snoopy”
To “Snoopy” είναι ένα λογισμικό (Σχήμα 4.20) το οποίο είναι υπεύθυνο για τον 
έλεγχο του θερμοστάτη και για να καθοδηγεί τα ηλεκτρικά συστήματα που 
τροφοδοτούν τους θερμικούς παλμούς στα πειραματικά κελιά. Επιπλέον, ο “Snoopy” 
καταγράφει τις διάφορες θερμοκρασίες και ελέγχει όλες τις παραμέτρους λειτουργίας 
του θερμοστάτη.
Επεξεργασία των δεδομένων των πτήσεων
Τα δεδομένα πτήσεων (Σχήματα 4.21 και 4.22) παρέχονται από τον Ευρωπαϊκό 
Οργανισμό Διαστήματος όπως καταγράφονται από αισθητήρες που βρίσκονται πάνω 
στο αεροπλάνο και περιλαμβάνουν όλες τις παραβολές κατά τη διάρκεια όλων των 
ημερών της καμπάνιας.
ΑΠΟΤΕΛΕΣΜΑΤΑ ΑΠΟ ΤΗΝ ΑΝΑΠΤΥΞΗ ΜΟΝΑΔΙΚΩΝ
ΦΥΣΑΛΙΔΩΝ
Η παρουσίαση και η συζήτηση των αποτελεσμάτων αυτής της εργασίας, 
οργανώνονται ανάλογα με τα κύρια χαρακτηριστικά της ανάπτυξης των φυσαλίδων. 
Όταν εφαρμόζονται θερμικοί παλμοί μικρής ή μέτριας ισχύος, εμφανίζεται μία 
μοναδική φυσαλίδα που μεγαλώνει στην άκρη του θερμαντήρα. Για το λόγο αυτό, το 
παρόν κεφάλαιο περιγράφει ποσοτικές παρατηρήσεις της ανάπτυξης μοναδικών 
φυσαλίδων και συγκρίνει τις μετρήσεις με τις θεωρητικές προβλέψεις. Τα επόμενα
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κεφάλαια ασχολούνται με την ταυτόχρονη ανάπτυξη πολλαπλών φυσαλίδων και με 
φαινόμενα αλληλεπίδρασης φυσαλίδας-φυσαλίδας.
Ιδιότητες υγρών
Το αέριο C02 επιλέχθηκε για τη μεγάλη του πρακτική χρησιμότητα. Το νερό είναι 
το υγρό αναφοράς και το κ-επτάνιο επιλέχθηκε για να διερευνηθεί ο ρόλος της 
επιφανειακής τάσης και της διαλυτότητας του αερίου. Τα άλλα δύο υγρά επιλέχθηκαν 
για να διερευνηθεί (ταυτόχρονα με τις διαφορετικές φυσικές ιδιότητες) ο ρόλος τους 
ως βιολογικών υγρών. Το μίγμα γλυκερίνης/νερού χρησιμοποιήθηκε για να 
προσομοιώσει το ιξώδες του αίματος και το PBS (ρΗ=7.2±0.05 (1 Οχ)) 
χρησιμοποιήθηκε για να διερευνηθεί η σημασία του pH σε βιολογικές διεργασίες.
Πειράματα στη μικροβαρύτητα
Ο τύπος των πειραμάτων που εξετάζονται σ’ αυτό το κεφάλαιο, αναφέρεται στις 
μοναδικές φυσαλίδες που αναπτύσσονται στο άκρο ενός μικρού σφαιρικού 
θερμαντήρα, με την εφαρμογή συνεχών θερμικών παλμών διαφορετικής ισχύος.
Μία σύντομη περιγραφή της πειραματικής διαδικασίας κατά τη διάρκεια των 
παραβολικών πτήσεων έχει ως εξής: ένα εναλλάξιμο κελί εισέρχεται μέσα στο 
θερμοστάτη και παραμένει εκεί για να θερμοστατηθεί σε θερμοκρασία λίγα δέκατα 
του βαθμού κάτω από τη θερμοκρασία κορεσμού του υγρού. Έπειτα η θερμοκρασία 
του υγρού αυξάνεται τοπικά με την ενεργοποίηση του θερμαντήρα σε ένα 
προκαθορισμένο επίπεδο ισχύος και για διάρκεια 10 s. Στην περίπτωση των 
πειραμάτων μικροβαρύτητας, για να εξασφαλισθεί καλή ποιότητα αυτής, ο θερμικός 
παλμός δίνεται περίπου 7 s αφότου έχουμε εισέλθει στις συνθήκες μικροβαρύτητας. 
Ένας μικρός χρόνος υστέρησης είναι απαραίτητος για να δημιουργηθεί τοπική 
υπερθέρμανση και να προκληθεί πυρηνογένεση. Η φυσαλίδα δημιουργείται και 
μεγαλώνει στην επιφάνεια του σφαιρικού θερμαντήρα. Μετά από πέντε συνεχόμενες 
παραβολές, το κελί εναλλάσσεται με ένα νέο.
Η ανάλυση των πειραμάτων με το νερό, όπως συμβαίνει και με τα άλλα υγρά, 
περιλαμβάνει τρία βασικά μέρη: (1) την ανάλυση των θερμικών δεδομένων για να 
ανακτηθεί η ιστορία της θερμοκρασίας του θερμαντήρα, (2) την ανάλυση των 
δεδομένων μεγέθους της φυσαλίδας για να αποσαφηνιστεί η μορφή της αύξησης και 
η επίδραση της ισχύος και άλλων παραμέτρων και (3) τη σύγκριση των πειραματικών 
δεδομένων με τις θεωρητικές προβλέψεις.
Η πυρηνογένεση μοναδικής φυσαλίδας λαμβάνει χώρα αποκλειστικά σε κάποιο 
συγκεκριμένο σημείο κάθε θερμαντήρα (ετερογενής πυρηνογένεση). Το σημείο αυτό 
είναι ανεξάρτητο από την ισχύ, τη θερμοκρασία και το δοκιμαστικό υγρό. Η επέκταση
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της φυσαλίδας είναι γρήγορη στην αρχή και ελαττώνεται δραστικά στη συνέχεια. Το 
σχήμα των φυσαλίδων είναι σφαιρικό από την αρχή της ανάπτυξής τους. Οι 
μικρότερες φυσαλίδες είναι, γενικά, άκαμπτες και σθεναρές, ενώ οι μεγαλύτερες 
φυσαλίδες είναι ευαίσθητες στις δονήσεις κι εύκαμπτες.
Σύγκριση μεταξύ πειραμάτων μικροβαρύτητας-εδάφους
Ο ρυθμός ανάπτυξης της φυσαλίδας στη μικροβαρύτητα είναι σαφώς 
μεγαλύτερος από αυτόν στο έδαφος (Σχήμα 5.30), παρά το γεγονός ότι τα πειράματα 
εδάφους αντιστοιχούν σε μεγαλύτερες θερμοκρασίες του θερμαντήρα. Η διαφορά 
αυτή αποδίδεται στην επίδραση της φυσικής συναγωγής, που είναι παρούσα στο 
έδαφος αλλά απούσα στη μικροβαρύτητα. Η φυσική συναγωγή προσφέρει έναν 
επιπρόσθετο μηχανισμό μεταφοράς θερμότητας, σημαντικά αποτελεσματικότερο από 
την αγωγή, γι’ αυτό εδραιώνει χαμηλότερες θερμοκρασίες στο υγρό που περιβάλλει 
τη φυσαλίδα. Ένα ψυχρότερο υγρό είναι λιγότερο υπερκορεσμένο και γι’ αυτό οδηγεί 
σε μικρότερο ρυθμό αύξησης της φυσαλίδας.
Η ίδια σύγκριση δεν μπορεί να γίνει για το κ-επτάνιο, επειδή στα πειράματα 
εδάφους η αναπτυσσόμενη φυσαλίδα δεν παραμένει προσκολλημένη στον 
θερμαντήρα για περισσότερο από 1-2 s. Επιπλέον, για να δημιουργηθούν φυσαλίδες 
στο κ-επτάνιο στο έδαφος, απαιτούνται πολύ υψηλές θερμοκρασίες (κοντά ή πάνω 
από το σημείο βρασμού του κ-επτανίου) και το γεγονός αυτό διαφοροποιεί τα 
πειράματα μικροβαρύτητας από τα πειράματα εδάφους.
Σύγκριση των διαφορετικών υγρών στη μικροβαρύτητα: θερμικά δεδομένα
Παρατηρούνται δύο διαφορετικές τάσεις στην εξέλιξη της θερμοκρασίας του 
θερμαντήρα σε διαφορετικά υγρά (Σχήμα 5.31). Η μία τάση, που παρατηρείται στο 
νερό, στο μίγμα γλυκερίνης/νερού και στο PBS, περιλαμβάνει αργή περαιτέρω 
αύξηση της θερμοκρασίας μετά την εμφάνιση της φυσαλίδας μέχρι μιας μεγίστης 
τιμής και μετά αργή πτώση. Αυτό έρχεται σε αντίθεση με τη συμπεριφορά που 
παρατηρείται στο κ-επτάνιο, όπου η πτώση της θερμοκρασίας με την εμφάνιση της 
φυσαλίδας είναι απότομη. Για όλα τα υγρά που χρησιμοποιήθηκαν, η καθυστέρηση 
στο χρόνο πυρηνογένεσης ελαττώνεται απότομα όταν αυξηθεί η θερμοκρασία του 
θερμαντήρα (Σχήμα 5.32).
Σύγκριση των διαφορετικών υγρών στη μικροβαρύτητα: ανάπτυξη φυσαλίδων
Αν ληφθούν υπόψη τα επίπεδα ισχύος και θερμοκρασίας για τον θερμαντήρα σε 
κάθε πείραμα, είναι εμφανές ότι η πιο γρήγορη ανάπτυξη φυσαλίδων παρατηρείται
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στο κ-επτάνιο, ενώ η πιο αργή στο μίγμα γλυκερίνης/νερού (Σχήμα 5.34). Στο Σχήμα 
5.35 γίνεται σύγκριση των καμπύλών ανάπτυξης στο νερό και στο PBS.
Η μορφή των καμπύλών ανάπτυξης μπορεί να περιγραφή από τον εκθετικό νόμο 
(R=/5fa), (Σχήματα 5.36 και 5.37) Υπενθυμίζεται ότι για την ανάπτυξη φυσαλίδων 
που υποκινείται καθαρά από μεταφορά μάζας, οι πειραματικές ενδείξεις συμφωνούν 
ότι α=0.5. Συγκεκριμένα, το επτάνιο (με το μεγαλύτερο ρυθμό ανάπτυξης) εμφανίζει 
τη μεγαλύτερη απόκλιση από το α=0.5, ακολουθεί το νερό (μέτριος ρυθμός 
ανάπτυξης) και το μίγμα γλυκερίνης/νερού (μικρότερος ρυθμός ανάπτυξης). Με άλλα 
λόγια, οι φυσικές ιδιότητες και οι ιδιότητες μεταφοράς του δοκιμαστικού υγρού είναι 
αυτές που καθορίζουν πρωταρχικά τη μορφή της ανάπτυξης.
Ερμηνεία των αποτελεσμάτων με τη βοήθεια των θεωρητικών προβλέψεων
Λύση ομοιότητας για σταθερή θερμοκρασία φυσαλίδας
Οι καμπύλες ανάπτυξης των φυσαλίδων που προέκυψαν πειραματικά για 
διάφορα επίπεδα ισχύος συγκρίνονται με τις προβλέψεις του μοντέλου σταθερής 
θερμοκρασίας. Για υψηλότερες αρχικές θερμοκρασίες θερμαντήρα, η συμφωνία 
μεταξύ των προβλέψεων και των μετρήσεων περιορίζεται στους μικρούς χρόνους 
(Σχήματα 5.38, 5.39, 5.42 και 5.45). Η ασυμφωνία μεταξύ των προβλέψεων της 
λύσης ομοιότητας και των πειραμάτων αποτελεσμάτων οφείλεται πιθανώς στην 
υπόθεση του μοντέλου ότι η φυσαλίδα έχει θερμοκρασία ίση με αυτήν του 
θερμαντήρα. Πρέπει επίσης να σημειωθεί ότι ο κύριος μηχανισμός κατανάλωσης 
ενέργειας από τη φυσαλίδα, για να αναπτυχθεί, είναι η αγωγή θερμότητας προς το 
υγρό και όχι οι λανθάνουσες θερμότητες εξάτμισης και εκρόφησης, όπως πιθανόν να 
αναμενόταν διαισθητικά.
Μη ισοθερμοκρασιακή ανάπτυξη φυσαλίδων
Στη συνέχεια επιχειρείται η ερμηνεία των δεδομένων με την ανάπτυξη του 
μοντέλου που περιλαμβάνει μονοδιάστατη αύξηση της φυσαλίδας, αλλά με 
θερμοκρασία φυσαλίδας χρονικά μεταβαλλόμενη. Συγκεκριμένα, το μοντέλο 
χρησιμοποιείται για να μετατρέψει τις καμπύλες αύξησης της ακτίνας της φυσαλίδας 
που προέκυψαν πειραματικά, σε καμπύλες εξέλιξης της θερμοκρασίας της 
φυσαλίδας.
Τα αποτελέσματα για το νερό (και το ΡΒβ)(Σχήματα 5.41 και 5.46) δείχνουν ότι η 
ανάπτυξη της φυσαλίδας είναι ισοθερμοκρασιακή με το θερμαντήρα για μία χρονική 
περίοδο 1-4 s. Αυτό είναι αναμενόμενο αφού σε τόσο μικρούς χρόνους, η φυσαλίδα 
είναι ακόμα μικρή και πολύ κοντά στο θερμαντήρα. Μετά το χρόνο αυτό, υπάρχει μία 
αυξανόμενη απόκλιση της τάξης των μερικών βαθμών μεταξύ της θερμοκρασίας του
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θερμαντήρα και αυτής που προβλέπεται από το μοντέλο. Καθώς αυξάνεται η ισχύς 
του θερμαντήρα, ο χρόνος που η φυσαλίδα παραμένει ισοθερμοκρασιακή 
ελαττώνεται και η απόκλιση από τη θερμοκρασία του θερμαντήρα κατά το τέλος του 
θερμικού παλμού γίνεται μεγαλύτερη.
Για το σύστημα γλυκερίνης/νερού (Σχήμα 5.44), παρατηρείται ότι η υπολογισμένη 
από το μοντέλο θερμοκρασία, συμπίπτει με τη θερμοκρασία του θερμαντήρα που 
έχει μετρηθεί καθ’ όλη τη διάρκεια του θερμικού παλμού. Η συμφωνία αποδίδεται 
στην αργή αύξηση των φυσαλίδων στο μίγμα γλυκερίνης/νερού, η οποία παρέχει 
αρκετό χρόνο ώστε να εξισορροπηθεί η θερμοκρασία του θερμαντήρα με τη 
θερμοκρασία της φυσαλίδας. Στο σύστημα του κ-επτανίου (Σχήμα 5.48), οι 
φυσαλίδες που αναπτύσσονται με μικρή υπερθέρμανση είναι ισοθερμοκρασιακές με 
το θερμαντήρα. Μεγαλύτερες θερμοκρασίες του θερμαντήρα έχουν ως αποτέλεσμα 
σοβαρές αποκλίσεις ανάμεσα στη μετρούμενη θερμοκρασία (θερμαντήρα) και στη 
μέση στιγμιαία θερμοκρασία των φυσαλίδων που έχει υπολογισθεί από το μοντέλο.
Η μηχανιστική εικόνα που εξάγεται από τα παραπάνω αποτελέσματα δηλώνει ότι 
κατά τη διάρκεια της ανάπτυξης, η φυσαλίδα εκτίθεται συνεχώς σε πιο κρύο υγρό. 
Αυτό έχει ως αποτέλεσμα να πέσει η μέση θερμοκρασία της φυσαλίδας κάτω από 
αυτή του θερμαντήρα και του υγρού, στην περιοχή γύρω από το θερμαντήρα. Είναι 
προφανές, ότι η απόκλιση μεταξύ της θερμοκρασίας της φυσαλίδας και του 
θερμαντήρα προβλέπεται να γίνει όλο και πιο σημαντική, όσο πιο γρήγορος είναι ο 
ρυθμός αύξησης και όσο μεγαλύτερο είναι το μέγεθος της φυσαλίδας.
Εν κατακλείδι, πρέπει να τονιστεί ότι η αναπόφευκτη συναγωγή Marangoni, γύρω 
από τις μη ισοθερμοκρασιακές φυσαλίδες, βοηθάει στη μείωση της απόκλισης μεταξύ 
της μέσης θερμοκρασίας της φυσαλίδας και της θερμοκρασίας του θερμαντήρα. Η 
συναγωγή Marangoni, είναι ένας επιπλέον φυσικός μηχανισμός, ο οποίος οδηγεί 
υγρό από τη θερμή βάση της φυσαλίδας προς την κρύα κορυφή της μεταφέροντας 
θερμοκρασία γύρω από τη φυσαλίδα, συνεισφέροντας έτσι στην εδραίωση της 
θερμικής ισορροπίας μεταξύ του θερμαντήρα και της φυσαλίδας.
ΑΠΟΤΕΛΕΣΜΑΤΑ ΑΠΟ ΤΗΝ ΑΝΑΠΤΥΞΗ ΠΟΛΛΑΠΛΩΝ 
ΦΥΣΑΛΙΔΩΝ ΚΑΙ ΦΑΙΝΟΜΕΝΑ ΑΛΛΗΛΕΠΙΔΡΑΣΗΣ
Το παρόν κεφάλαιο ξεκινά με ποσοτικές παρατηρήσεις της ανάπτυξης των 
πολλαπλών φυσαλίδων στην άκρη του θερμαντήρα μέσα σε νερό και κ-επτάνιο. 
Έπειτα παρουσιάζονται φαινόμενα αλληλεπίδρασης φυσαλίδας-φυσαλίδας, σε 
φυσαλίδες C02 που δημιουργούνται σε κ-επτάνιο. Το κεφάλαιο τελειώνει με την
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παρουσίαση των φυσαλίδων που αναπτύσσονται από διακοπτόμενους θερμικούς 
παλμούς, στο νερό.
Ανάπτυξη πολλαπλών φυσαλίδων
Για να δημιουργηθούν πολλαπλές φυσαλίδες, απαιτούνται υψηλότερα επίπεδα 
ισχύος σε σύγκριση με αυτά που απαιτούνται για τη δημιουργία μοναδικών 
φυσαλίδων, όταν χρησιμοποιείται ο ίδιος θερμαντήρας. Σχήμα 6.1
Ένας τυπικός κύκλος παραγωγής φυσαλίδων είναι ο ακόλουθος: Με την επίτευξη 
τιμών υπερκορεσμού 1.3-1.5 για το νερό και 0.3-4.4 για το κ-επτάνιο, αρχίζει η 
δημιουργία της φυσαλίδας. Έπειτα από κάποια χρονική υστέρηση δημιουργείται η 
δεύτερη φυσαλίδα. Αυτή η σειρά καθορίζεται ως η πρώτη γενιά φυσαλίδων. Σε 
κάποια χρονική στιγμή η φυσαλίδες αποκολλώνται εξαιτίας κάποιων διαταραχών 
στην μικροβαρύτητα (g-jitters). Έπειτα, πάλι μετά από κάποιο χρόνο υστέρησης, τη 
θέση τους παίρνουν δύο ή περισσότερες φυσαλίδες (στην περίπτωση των υψηλών 
επιπέδων ισχύος στο κ-επτάνιο), οι οποίες αρχίζουν να αναπτύσσονται σε κάποιες 
περιπτώσεις ταυτόχρονα και σε κάποιες άλλες με κάποιο χρόνο υστέρησης μεταξύ 
τους. Αυτή η ακολουθία των γεγονότων καθορίζει τη δεύτερη γενιά φυσαλίδων, και 
συνεχίζεται μέχρι το τέλος της διάρκειας του θερμικού παλμού ή μέχρι το τέλος της 
μικροβαρύτητας, ανάλογα με το ποιο από τα δύο προηγείται χρονικά.
Πειράματα με νερό
Συζήτηση πάνω στον κύκλο παραγωγής
Υπάρχει ένα πεπερασμένο φράγμα ενέργειας που πρέπει να υπερπηδηθεί για να 
ενεργοποιηθεί η κάθε θέση πάνω στο θερμαντήρα. Η πρώτη θέση, η προτιμώμενη, 
απαιτεί λιγότερη ενέργεια από τη δεύτερη. Οι διακυμάνσεις των χρόνων υστέρησης 
της πυρηνογένεσης των τελευταίων γενεών, οφείλονται στο χρόνο που απαιτείται για 
να αποκατασταθεί το οριακό στρώμα μετά την αποκόλληση των φυσαλίδων. Αυτός 
είναι ο χρόνος που κάνει το υγρό γύρω από τη θέση του θερμαντήρα που 
προϋπήρχε η φυσαλίδα για να επανέλθει στην αρχική του συγκέντρωση σε 
διαλυμένο αέριο, όπως αναφέρεται στον Jones (1999a).
Συζήτηση πάνω στο μη ισοθερμοκρασιακό μοντέλο 
Η μέση θερμοκρασία των φυσαλίδων υπολογισμένη για το νερό στο μη 
ισοθερμοκρασιακό μοντέλο συγκρίνεται με τη μετρημένη θερμοκρασία του 
θερμαντήρα. Αυτά φαίνονται στο Σχήμα 6.5. Στην ανάπτυξη πολλαπλών φυσαλίδων, 
όσο αυξάνονται τα επίπεδα της ισχύος, ο χρόνος που η φυσαλίδα(ες) παραμένει 
ισοθερμοκρασιακή είναι λιγότερη από 0.5 s και η απόκλιση από τη θερμοκρασία του 
θερμαντήρα προς το τέλος του θερμικού παλμού γίνεται μεγαλύτερη.
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Οι φυσαλίδες που δημιουργούνται στη θέση 1 είναι πάντα μεγαλύτερες σε μέγεθος 
από αυτές που δημιουργούνται στη θέση 2. Μία πιθανή εξήγηση είναι ότι, αφού ο 
θερμαντήρας δεν είναι εντελώς σφαιρικός, το οριακό στρώμα θερμότητάς του δε θα 
είναι επίσης εντελώς συμμετρικό. Ακόμα μία πιθανή εξήγηση είναι ότι σε σχετικά 
υψηλές θερμοκρασίες, παίζει σταδιακά ρόλο και ένα μικρόστρωμα εξάτμισης στη 
βάση της φυσαλίδας. Αυτό το στρώμα μπορεί να υφίσταται ως ένα επιπλέον εμπόδιο 
στη μεταφορά θερμότητας μεταξύ του θερμαντήρα και της φυσαλίδας.
Οι παραπάνω συζητήσεις για τον κύκλο παραγωγής και για το μη 
ισοθερμοκρασιακό μοντέλο, ισχύουν και για το κ-επτάνιο. Σχήματα 6.6 και 6.7
Σύγκριση των δεδομένων μεγέθους μεταξύ μοναδικών και πολλαπλών 
φυσαλίδων
Στο Σχήμα 6.8α (νερό) και στο Σχήμα 6.8β (κ-επτάνιο) γίνεται σύγκριση της 
ανάπτυξης μοναδικών φυσαλίδων με την ανάπτυξη πολλαπλών φυσαλίδων για τα 
δύο υγρά που εξετάστηκαν. Παρά τη διαφορετική θερμοκρασία ανάπτυξης, το 
μέγεθος ανάπτυξής τους είναι ίδιο. Αυτό αποδίδεται στο γεγονός ότι οι δύο φυσαλίδες 
που αναπτύσσονται στο θερμαντήρα ανταγωνίζονται για το διοξείδιο του άνθρακα.
Φαινόμενα αλληλεπίδρασης φυσαλίδας-φυσαλίδας
Σε αυτό το τμήμα του κεφαλαίου παρουσιάζονται φαινόμενα που παρατηρήθηκαν 
κατά την δημιουργία φυσαλίδων C02 σε κ-επτάνιο. Αυτά είναι η πλευρική κίνηση 
μοναδικών φυσαλίδων (single bubble lateral motion), το σύμπλεγμα φυσαλίδων και η 
συγχώνευση (clustering and coalescence), η φυσαλίδα που ταξιδεύει (bubble 
traveling), η εκτίναξη και η αποκόλληση (ejection and lift off). Όλα αυτά τα φαινόμενα 
παρατηρήθηκαν σε πειράματα υπό συνθήκες μικροβαρύτητας με τον σφαιρικό 
θερμαντήρα. Η πλευρική κίνηση φυσαλίδων, το σύμπλεγμα και η συγχώνευση 
παρατηρήθηκαν και στα πειράματα με τον επίπεδο θερμαντήρα, τόσο σε συνθήκες 
μικροβαρύτητας όσο και στο έδαφος. Στα τελευταία, χρησιμοποιήθηκαν δύο 
διαφορετικές μορφολογίες της επιφάνειας του θερμαντήρα. Στα υπόλοιπα 
δοκιμαστικά υγρά (νερό, μίγμα γλυκερίνης/νερού 42/58% και PBS) δεν 
παρατηρήθηκε ιδιαίτερη κίνηση των φυσαλίδων (ή φαινόμενα), εκτός αττό την 
ανάπτυξή τους.
Πλευρική κίνηση μοναδικών φυσαλίδων
Πιστεύεται ότι ο κύριος λόγος για την κίνηση των μοναδικών φυσαλίδων είναι η 
μετανάστευση λόγω θερμοτριχοειδών φαινομένων (thermocapillary migration) σε μια 
κατεύθυνση κατά μήκος της επιφάνειας του θερμαντήρα, εξαιτίας της μη ομογενούς
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καμπυλότητας του τοιχώματος προς εκείνη την κατεύθυνση. Μία πιο έντονη πλευρική 
κίνηση παρατηρείται στις φυσαλίδες που αναπτύσσονται πάνω στον λείο επίπεδο 
θερμαντήρα. Σχήμα 6.14
Η επίδραση της μορφολογίας της επιφάνειας του θερμαντήρα, εξετάστηκε μόνο 
στο έδαφος. Στο Σχήμα 6.15 παρατίθενται αποτελέσματα από τον θερμαντήρα 
δίσκου (disc heater) με κυκλικά αυλάκια. Σε αυτόν τον θερμαντήρα η κίνηση των 
φυσαλίδων εξαρτάται από το μέγεθος τους σε συνάρτηση με το μέγεθος των 
αυλακιών. Παρόλαυτα ακόμα και μικρές χαρακιές μπορούν να διατηρήσουν και να 
κατευθύνουν την κίνηση μικρών φυσαλίδων, όπως φαίνεται στο Σχήμα 6.16.
Σύμπλεγμα και συγχώνευση
Όταν πολλαπλές φυσαλίδες αναπτύσσονται ταυτόχρονα στο θερμαντήρα, τρεις 
βασικοί τύποι συγχώνευσης παρατηρούνται συχνά, και ονομάζονται Α1, Α2 και Β. Ο 
πρωταρχικός παράγοντας που καθορίζει ποιος μηχανισμός θα προκαλέσει τη 
συγχώνευση είναι το επίπεδο της ισχύος (δηλαδή η θερμοκρασία) του θερμαντήρα.
Σχήματα 6.18,6.19, 6.20.
Η συγχώνευση των φυσαλίδων στον λείο επίπεδο θερμαντήρα λαμβάνει χώρα 
κυρίως μεταξύ μικρότερων φυσαλίδων και μεγαλύτερων φυσαλίδων οι οποίες 
λειτουργούν ως συλλέκτες. Σχήμα 6.22 Έντονη συγχώνευση μεταξύ φυσαλίδων 
διαφόρων μεγεθών παρατηρείται στα πειράματα που διεξήχθησαν στο έδαφος και με 
τους δύο θερμαντήρες τύπου δίσκου. Φαίνεται ότι η τραχύτητα της επιφάνειας παίζει 
μικρό ρόλο σε αυτά τα φαινόμενα. Σχήμα 6.24 Άλλα φαινόμενα, όπως η φυσαλίδα 
που ταξιδεύει (bubble traveling), η εκτίναξη και η αποκόλληση (ejection and Sift off) 
παρατηρήθηκαν μόνο μία φορά. Σχήματα 6.25,6.29 και 6.32
Τέλος, στα Σχήματα 6.33 και 6.34 παρουσιάζονται αποτελέσματα από 
φυσαλίδες που αναπτύσσονται από διακοπτόμενους θερμικούς παλμούς.
xviii
7. ΣΥΜΠΕΡΑΣΜΑΤΑ
Παρακάτω παρουσιάζονται τα συμπεράσματα των αποτελεσμάτων με την εξής 
σειρά:
Συμπεράσματα από την ανάπτυξη των φυσαλίδων (μοναδικών και πολλαπλών), 
έπειτα από τα παράπλευρα φαινόμενα και τέλος συμπεράσματα από τα θεωρητικά 
μοντέλα (λύση ομοιότητας και χρονικά εξαρτώμενη λύση).
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
XIX
Ανάπτυξη μοναδικών και πολλαπλών φυσαλίδων
> Το ρυθμό αύξησης της φυσαλίδας ελέγχουν κυρίως οι φυσικές ιδιότητες και οι 
ιδιότητες μεταφοράς του υπό δοκιμήν υγρού και εκ μακρόθεν η ισχύς που 
μεταφέρεται μέσω του θερμαντήρα.
> Για το κάθε υγρό, διαφορετικά επίπεδα ισχύος (δηλαδή θερμοκρασίας) είναι 
απαραίτητα για τη δημιουργία πολλαπλών (περισσοτέρων της μίας) 
φυσαλίδων.
> Διαφορετική θερμική ενέργεια χρειάζεται για να ενεργοποιηθεί κάθε θέση 
πυρηνογένεσης στην επιφάνεια του θερμαντήρα.
> Όταν δύο φυσαλίδες αναπτύσσονται ταυτόχρονα στο θερμαντήρα, 
ανταγωνίζονται για το διαλυμένο διοξείδιο του άνθρακα.
Παράπλευρα φαινόμενα
> Πλευρική κίνηση που οφείλεται σε θερμοτριχοειδή φαινόμενα παρατηρείται 
στα πειράματα του κ-επτανίου ανεξαρτήτως θερμαντήρα. Η τραχύτητα τη 
επιφάνειας του θερμαντήρα επηρεάζει την κίνηση των φυσαλίδων όταν αυτές 
είναι κάτω από ένα ορισμένο μέγεθος.
> Η συγχώνευση λαμβάνει χώρα είτε λόγω θερμοτριχοειδούς έλξης είτε επειδή 
οδηγεί σε μείωση της διεπιφανειακής ενέργειας και εξαρτάται από το επίπεδο 
της ισχύος.
Θεωρητική προσέγγιση
> Σε όλα τα υγρά, οι φυσαλίδες αναπτύσσονται γρήγορα στην αρχή και 
σταδιακά ο ρυθμός αύξησής τους επιβραδύνεται. Τα πρώτα ένα ή δύο 
δευτερόλεπτα της ανάπτυξης βρίσκονται σε συμφωνία με τις προβλέψεις του 
μοντέλου διάχυσης επιλυόμενου για την αρχική (μέγιστη) θερμοκρασία της 
φυσαλίδας.
> Το μοντέλο ισότροπης χωρικά αλλά μεταβαλλόμενης χρονικά θερμοκρασίας 
φυσαλίδων, σε συνδυασμό με τις πειραματικά μετρημένες καμπύλες αύξησης 
της ακτίνας της φυσαλίδας, δείχνει ότι υπάρχει μία αρχική περίοδος κατά την 
οποία η φυσαλίδα αναπτύσσεται ισοθερμοκρασιακά με το θερμαντήρα. Η 
έκταση αυτής της περιόδου εξαρτάται από το υγρό και από την εφαρμοζόμενη 
ισχύ.
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ABSTRACT
This work investigates the growth of bubbles generated in a liquid saturated with 
dissolved C02 when its temperature is rapidly and locally raised above the saturation 
value, still below the boiling point of the test liquid. Bubble generation and growth in 
liquids plays a key role in diverse fields of technology, such as polymer and glass 
processing, flotation separations, manufacturing of carbonated beverages, boiling 
heat transfer and hydraulic power recovery. It is also of great significance in geology 
(explosive degassing of magma) and in human physiology (decompression 
sickness).
Microgravity experiments were performed during ESA’s (European Space 
Agency) 35th and 38th Parabolic Flight Campaigns. The low gravity environment of a 
parabolic flight reserves the spherical bubble shape and decouples growth from 
buoyancy effects. Four test liquids with different physical and transport properties 
were studied: water, glycerine/water mixture 42/58 w/w, Phosphate Buffered Saline 
(PBS) and n-heptane. Bubbles grow at the tip of a roughly spherical miniature heater 
(thermistor), whose temperature varies linearly with the power of an applied heat 
pulse. Bubbles are optically recorded and analysed by image processing.
In all cases tested, there is a strong correlation between bubble growth rate and 
power delivered to the thermistor. Widely different bubble expansion rates are 
observed among test liquids, indicating that bubble growth depends strongly on the 
physical properties of the liquid. In general, bubble radius evolution deviates from the 
well-known square root law valid for isothermal mass-transfer dominated growth. 
Beyond a (liquid-dependent) thermal power, multiple bubbles grow simultaneously on 
the heater. The number of bubbles depends strongly on the physical properties of the 
test fluid and on the delivered power. Simultaneously growing bubbles have reduced 
growth rates (compared to single bubbles) as they compete for the dissolved C02. N- 
heptane is unique in that bubbles growing in it exhibit high lateral mobility, leading to 
phenomena such as clustering, coalescence, ejection and lift off.
A one-dimensional diffusion model is formulated, based on spherically symmetric 
growth of an internally heated bubble. The assumption of isothermal growth (at the 
heater temperature) leads to square-root dependence of radius on time and is 
experimentally confirmed only at the first seconds of growth. The diffusion model is 
subsequently used to predict a time-dependent bubble temperature that reconciles 
the experimentally observed growth rate (inverse problem). Comparison between this
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prediction and the actual heater temperature indicates strong deviations as soon as 
the bubble grows large enough to be affected by the cold bulk liquid.
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1. INTRODUCTION
1.1. Mass diffusion - induced bubble growth
Bubble generation and growth in liquids plays a key role in diverse fields of 
technology such as polymer (foam molding) and glass processing, flotation 
separations, pumps and hydraulic power recovery systems e.g., Clift et al. (1978), 
Yoo & Han (1982), Payvar (1987), Arefmanesh et al. (1992). It is also of great 
significance in geology during the explosive degassing of magma encountered in 
volcanoes (eruption of Lake Nyos in Cameroon, Evans, 1996). Bubble generation 
and growth dynamics is important also in food technology (manufacturing of 
carbonated beverages or wine, Barker et al., 2002). It also plays an important role in 
human physiology where nitrogen bubbles can grow in the circulatory system of 
divers, astronauts or even airplane passengers during serious decompression 
incidents, e.g. blood oxygenation, bubbles growing in the tissue of airplane 
passengers, astronauts and divers during decompression e.g., Kislyakov & Kopyltsov 
(1988), Van Liew and Burkard (1995), Foster et al. (2000), Srinivasan et al. (2000). In 
addition, it is of critical value in studying physical phenomena such as cavitation, 
nucleation and boiling, e.g., Plesset & Sadhal (1982), Arefmanesh et al. (1991), Lee 
& Merte (1996a, b), Straub (2000). Bubble growth is in general a complex process, 
involving coupling among mass, momentum and heat transfer between an expanding 
bubble and the surrounding liquid.
Mass diffusion-induced bubble growth can be triggered from a saturated solution 
either by a reduction in pressure (decompression) (P. Payvar 1987) or by an increase 
in temperature. The former method was customary employed by researchers in the 
past since it directly simulates the situation in actual physical and physiological 
applications. Although at first sight a decompression experiment appears to offer the 
advantage of involving only mass transport, thus avoiding the complexity of 
combined mass and heat transport, this is not quite true. During decompression a 
reduction of temperature is expected within the bubble as a consequence of the 
latent heat requirement of the evaporation that takes place at the vapor-liquid 
interface as the bubble grows. As a result, the bubble is never isothermal. Apart from 
the temperature drop, one has a flow of mass when lowering the pressure, since the 
pressure drop is usually achieved by expanding the gas above the fluid. Therefore, 
mass has to be redistributed over a bigger volume. This mass flow can disturb the
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
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bubble formation. In addition, a growing bubble does not contain only the dissolved 
gas substance but also vapors of the bulk liquid that evaporates according to its 
vapor pressure. Therefore, even by lowering the system pressure a complex 
interplay among momentum, mass and heat transport phenomena emerges.
There are also serious technical drawbacks when performing decompression 
experiments. Bubbles grow not only due to diffusion of gas from the bulk liquid into 
the bubble(s) but also as a result of the pressure drop itself. Since many bubbles are 
simultaneously created and grow in arbitrary locations inside the liquid volume it is 
very hard to focus the optical diagnostics on any of them. When so many bubbles 
grow at neighboring sites this means that soon after the onset of bubble growth there 
is an inevitable competition among them. As a result bubbles do not grow 
independently in an infinite saturated medium but temporal and spatial concentration 
profiles develop in the liquid, which is a serious constraint for data analysis. 
Furthermore, when these bubbles grow initially as individuals they are considerably 
small and only after their coalescence they get larger. When doing decompression 
experiments on a microgravity platform there is an additional limitation that refers to 
the possible runs one can perform with a single test cell. The test fluid can be used 
only once, since it will be far below saturation after the formation of so many bubbles. 
For all the above reasons, it is decided here to generate bubbles using temperature 
and not pressure triggering.
Experiments with temperature rise -though very interesting both from a 
fundamental and an applied point of view- when performed under terrestrial 
conditions are complicated to interpret, due to the prevailing buoyancy effects and 
have therefore attracted relatively little attention in the literature.
Experimenting in a microgravity environment will permit the decoupling of bubble 
growth from buoyancy effects and thus facilitate understanding of the basic 
mechanisms governing the observed phenomena. In addition, the low gravity 
conditions will permit the investigation of larger bubbles where inertia, viscosity and 
surface tension are less significant and heat and mass transfer dominate the 
process. In this time regime, two different phases of bubble growth will be 
investigated.
1.2. Microqravitv relevance
The gravity level influences both the shape of the growing bubble and the flow 
field around it. The fluid flow in the bulk of the liquid is significantly affected by gravity
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when the Grashof number, Gr (=gPp2ATD3/p2) is much larger than unity i.e. when 
both bubble size and ΔΤ are large. The influence on the bubble shape is given by the 
hydrostatic pressure term (pL-pG)gz whose magnitude scales with the diameter of the 
bubble D. The smaller the Bond number (= (pL-pG) gD2/a) the more spherical the 
bubble. Note that a perfect sphere is the case only when Bo=0, that is, when either g 
or (Pl-Pg) equals to zero. On earth, for gravitational distortion to be less than 1% of 
the total strain we must satisfy the inequality (pL-PG)gD2/[(pL-pG)gD2+o]< 0.01 which 
for water corresponds to D<~0.25 mm and attains less than 1/3 of this value for most 
organic liquids. The size of these bubbles is quite small to study with conventional 
optical systems. This is not a problem of magnification. The problem stems from the 
very limited depth of field of view in such high magnifications, which not only makes 
the focusing of the bubble exceedingly tedious but also does not allow for a sharp 
image at different bubble sizes.
Under low gravity conditions, one has the unique opportunity to study individual 
bubbles growing up to excessively large sizes, without departing from the heater 
surface. With such large bubbles not only the optical diagnostics have increased 
capacity, but also the approximations necessary to reduce the model equations to a 
simple, yet realistic case, are valid. Besides, at the early stages of bubble growth 
bubble pressure oscillations may arise particularly at high heat fluxes and this effect 
imposes additional difficulties in modeling the system behavior in short times.
Measuring in earth gravity many bubbles that grow in close proximity to each 
other over a plate heater gives quite irreproducible results. This occurs because of 
the combined effects of random upward fluid ejections (typical of natural convection 
from horizontal heated surfaces (Tritton 1988) and liquid agitation produced by 
departing prior bubbles. The randomness can be eliminated under microgravity 
conditions, by instituting a transient heating process of a stagnant liquid till the onset 
of bubble formation.
1.2.1. Platforms to achieve microgravity
There are two main types of platforms to achieve microgravity conditions; the 
orbital and the sub-orbital. Table 1.1 presents the microgravity level that can be 
achieved, the duration of microgravity conditions as well as the interaction between 
the operator and the experiment for the most common types. The orbital microgravity 
platforms are either the International Space Station (ISS) or the Space Shuttle. The 
ISS can offer the advantage of a very good quality of microgravity for a long duration.
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The disadvantage though is that the preparation and manufacture for an experiment 
to work in ISS takes years and the cost, both development and flight, is very high.
Table 1.1 Characteristics of microgravity platforms
Platform type μ-gravity level, g Duration of μ-g Operator interaction
Orbital
International Space Station icr-icr Months/Years Direct
Space Shuttle 10‘2-10-s Days/Weeks Direct
Suborbital
Drop towers 10b-10'e <5s Indirect
Sounding rockets lO^-IO'5 6-14min Indirect
Parabolic Flights 10'2-10'3 20-25S Direct
Space Shuttles are operated by NASA which in cooperation with other space 
agencies, including the European Space Agency (ESA), brings experiments in space. 
The quality and duration of the microgravity sections are very satisfactory but the 
disadvantage again is the very long build-up time (including several tests for safety 
regulations) and the high cost. Therefore, it is impossible for our experiment to fly 
either in the ISS or on the Space Shuttle.
The next type is the suborbital platforms, which include the drop towers, the 
sounding rockets and the parabolic flights. Drop towers are high towers (100-700 m 
in height), from the top of which containers are released in free fall. To overcome air 
resistance, the container is dropped in vacuum and, at the end of the tower some 
form of polystyrene is used to bring it to a rest. The quality of microgravity is very 
good but the duration -which is less than 5 s- is not enough to study the phenomena 
of interest to the present investigation. Besides that, due to the evacuation process, 
only two to three experiments can be performed each day. Another platform type is 
the sounding rocket. Ballistic missiles of various types, like the “MAXUS” and 
“TEXUS” probes, are launched to a height of 250-800 Km. From a height of 
approximately 100-350 Km, the solid rockets burn out and a weightless period of 6 to 
14 minutes begins. The acceleration during the weightless period is about ICT’-IO'5. 
During lift-off, accelerations up to 12 g are measured. During re-entry a deceleration 
of 25 g is to be expected. Because of the high accelerations, special constructions in 
the set-up are needed. It is possible to control the experiment from the flight control 
center, telecommands can be issued and a TV video downlink is available. This
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platform is also inappropriate for the present experiments, because can then provide 
relatively few runs at a prohibitive cost.
The only platform fitted to the needs for the experiments conducted in this work 
(quality of microgravity, duration and cost), is the parabolic flight. Parabolic flights are 
used to conduct short-term microgravity scientific and technological investigations, to 
test instrumentation prior to use in space, to validate operational and experimental 
procedures and to train astronauts for a future space flight. Such flights are 
conducted on specially-configured aircraft, and provide a period of up to 20 s of 
reduced gravity or weightlessness (details are given in chapter 4). The major 
advantages of parabolic flights to researchers are:
1. The short lead time: Typically a few months between research proposal and flight.
2. Low cost: ESA covers the cost of those research proposals selected for flight.
3. Flexible research approach: Laboratory-type instrumentation is most commonly 
used.
4. Direct intervention: Investigators on-board the aircraft can interact with their 
experiments during each parabola and between parabolas.
5. Experiment modification: It is possible to modify the basic set-up of the experiment 
between each flight, as normally the three flights of a campaign occur on consecutive 
days.
1.2.2. Aim of the study
The scope of the present work is to study bubble growth of a dissolved gas under 
conditions where both mass and heat diffusion, but also liquid vapor pressure, are 
significant. A small-size spherical thermistor is used as heater, in order to establish 
simultaneous presence of temperature and concentration gradients. Thus, local 
supersaturation is achieved in a large pool of saturated solution, leading to heat 
triggered degassing. Also, the role of various plate heaters surface roughness is 
examined in the motion of C02 bubble emerging in n-heptane.
The primary experimental information involves time-series of temperature and 
bubble size data for various liquids, heat powers and temperatures. These 
experiments were conducted during the low gravity period achieved in the parabolic 
free-fall trajectory of an aircraft during two ESA’s parabolic flight campaigns.
Models of varying degree of complexity are developed in order to simulate the 
experimental conditions, and are solved analytically and/or computationally. More 
specifically, a similarity solution of the model equations is initially developed, based
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on the assumption of a constant bubble temperature. Then, a model for one­
dimensional non-isothermal bubble growth is derived and is used to transform the 
bubble radius evolution curves, into mean temperature evolution curves (solution of 
the inverse problem). Comparisons between data and simulations serve to identify 
the significance of various physical parameters and to determine the dominant 
mechanisms operative in the bubble growth process.
1.2.3. Thesis structure
The content of this thesis is organized in five (5) chapters:
In Chapter 2 the literature review of the subject under investigation is presented. 
The topics of interest include bubble nucleation, bubble growth induced by mass 
transfer, heat transfer and combined mass and heat transfer, the Marangoni or 
thermocapillary effect and a review of the key physical properties relevant to this 
work.
In Chapter 3 the theoretical approach is presented. This includes the problem 
set-up, the self-similar solution and the developed asymptotic solution.
In Chapter 4 the experimental set-up and the experimental procedures 
implemented before, during and after the flight are presented. Also, a full description 
of the data analysis is provided, which involves image processing, data logger, and 
flight data analysis.
In Chapter 5 the results from the gas dissolution experiments and predictions 
based on the theoretical models are presented. These consist of the single bubble 
growth results for all the liquids tested: water, glycerin/water 42/58%w/w, phosphate 
buffered saline and n-heptane.
In Chapter 6 the results of experiments involving multiple bubble growth and 
bubble-bubble interactions and intermittent bubble growth are presented.
In Chapter 7 the basic concluding remarks and suggestions for future work are 
presented.
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
2. LITERATURE REVIEW
2.1. Introduction
A large body of literature exists on the subject of bubble growth. The line 
separating bubble growth due to oversaturation or chemical reaction from boiling is 
not clear since all these phenomena share common principles. In general, bubble 
growth and evolution is a complex process, involving nucleation as the first step and 
a combination of mass and/or heat and momentum transfer between the expanding 
bubble and the liquid during the subsequent growth.
Based on that, the literature survey starts with nucleation (including definition of 
supersaturation and bubble nucleation time), which refers either to boiling (vapor 
bubbles) or to dissolution (gas bubbles from a supersaturated solution) e.g., Li and 
Peterson (2005), Lee et al. (2003), Straub (2000), Jones et a!. (1999a,b). Then an 
extensive survey of diffusion-controlled bubble growth is presented. This again refers 
either to heat transfer (boiling, including experiments done in microgravity conditions) 
or/and to gas diffusion. The Marangoni effect (or thermocapillary effect) is 
subsequently reviewed, because of its influence on the bubble growth process. At the 
end, there is a brief discussion of the key physical properties encountered throughout 
the course of this work. These include the solubility and the diffusivity of the gas into 
the liquid, as these physical parameters are the most significant ones to the bubble 
growth under microgravity conditions.
2.2. Bubble nucleation
2.2.1. Definition of supersaturation
Before proceeding, it is important to clearly define the term supersaturation, used 
for quantifying the tendency of a system to produce bubbles. An example of 
saturation data as a function of temperature is shown in Figure 2.1 for the system 
consisting of C02gas dissolved in water at a pressure of 1.013 xIO5 Pa (Fogg and 
Gerrard 1991). As the solubility of a gas in a liquid decreases with an increase in 
temperature, supersaturation may be achieved by raising the temperature of the 
system. Point A represents a saturated solution at a temperature TA with a saturation 
mole fraction equal to Xb. When the temperature of the solution is raised to TB at
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 2: Literature Review 8
point B, the system becomes supersaturated, with the mole fraction of the dissolved 
component equal to Xb. The disorption of C02 from the water causes the state of the 
system to move gradually from point B to B', where the new saturation mole fraction
is Xj.
Lubetkin and Blackwell 1988 defined the saturation ratio as,
Xb 
a = — 
X
and the supersaturation as, σ=α-1
(1)
(2).
2.2.2. Bubble nucleation time
In this thesis, the term “nucleation” is used generally to denote any process that 
leads autogenously to the formation of a bubble. At low levels of supersaturation, 
pre-existing gas cavities are responsible for the formation of bubbles. The general 
type of nucleation observed in this work, is the heterogeneous nucleation. On this 
type, the nucleation occurs at specific sites on the heated wall and the system 
contains no artificial cavities. Observations of the bubble nucleation process at a 
specific site in a substrate reveal that a bubble will suddenly appear and grow
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according to some physical law. At a certain size or due to an external disturbance 
(i.e. g-jitter in the case for microgravity conditions or in the next in turn experimental 
run) the bubble will detach, thereby providing the opportunity for a new bubble to 
form, grow and detach at the same site. There is evidence to suggest that the time 
taken for the new bubble to form at the site is very important. Because, in many 
cases, this period is very brief, most workers have neglected this part of the cycle, 
and simply focused on the growing bubble.
The period, referred to by some as the “waiting time” and the “delay time”, is 
called in this thesis the hysterisis (nucleation time). Buehl and Westwater (1966), 
examined the growth of successive bubbles forming at a single nucleation site, and 
observed an irregular bubble growth from a given site under constant conditions. A 
possible reason for the observed random growth of the bubbles is that they used high 
levels of supersaturation, which could have simultaneously activated a number of 
close-by nucleation sites and the observed bubble growth was the result of 
coalescence occurring between sites. Hsu and Graham (1961) produced an 
explanation for the “waiting time” of bubbles formed on a heated surface by boiling. 
The bubble departure ruptured the thermal boundary layer and a new bubble was 
formed only after the effects of the disturbance had disappeared. Westwater (1964) 
also concluded that the nucleation time should be dependent on the time required for 
the boundary layer to be restored following bubble detachment. Lubetkin (1989a,b) 
used an acoustic device as a method for counting the number of bubbles produced 
during nucleation following the supersaturation of carbonated water. He also 
measured the “nucleation time” required for a bubble to appear. He showed that the 
inverse of this time correlated well with the nucleation rate. He pointed out that these 
time measurements were not very accurate because they were based on visual 
observations. Lubetkin, (1995), recognized the need to know the initial rate of growth 
in order to determine accurately the nucleation times and noticed that a change in the 
growth law of the bubble at the sub-micron scale, may result in significant inaccuracy 
when the bubble growth data is extrapolated back to a bubble diameter of zero, in 
order to obtain the time t=0. Nevertheless, if the time period associated with the 
extrapolation back to a diameter of zero is small relative to the nucleation time, the 
error should also be small.
2.2.3. Evidence for non classical heteronucleation
Though the present thesis is dealing with the growth of bubbles and not their 
nucleation, there is a need to briefly discuss this issue in order to explain some
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findings as is the low level of supersaturation needed to achieve bubble growth in the 
experiments performed in this work. If the number of sites upon which nucleation 
takes place is unlimited, this is called homogeneous nucleation, whereas if these 
sites are limited, this is called heterogeneous nucleation. Different surfaces have 
different catalytic potentials for nucleation and of course, the catalytic efficiency 
depends on the nature of the liquid, the gas, and the surface, (Lubetkin 1988).
According to Jones et al. (1999), there are four types of nucleation; the type I 
classical homogeneous nucleation, the type II classical heterogeneous nucleation, 
the type III pseudo-classical nucleation and type IV non-classical nucleation. A brief 
description for each type is given below.
Type I involves classical homogeneous nucleation in the bulk in a homogeneous 
solution. There are no gas cavities prior to the system being made supersaturated. 
Hence, the required level of supersaturation is very high, in excess of 100 or more. 
Once a bubble is produced, it rises to the surface. Additional bubbles are unlikely to 
form at the same location. Type II is essentially the same as Type I nucleation, and 
should normally require comparable levels of supersaturation. Initially, the system 
contains no gas cavities, in the bulk or in the surface of the container. The system 
suddenly becomes supersaturated, i.e. by a sudden pressure reduction, resulting in a 
classical heterogeneous nucleation event. A bubble may then form in a pit in the 
surface of the container, on a molecularly smooth surface, or on a particle in the bulk. 
The bubble then grows, and detaches, leaving behind a portion of its gas on the 
substrate or in the cavity. The production of the first bubble is referred to as Type II 
nucleation. Beyond the production of the first bubble, where a tiny pocket of gas 
remains inside the cavity, nucleation proceeds according to either Type III or Type IV 
described below. For each cavity there exists a finite nucleation energy barrier which 
must be overcome for the bubble to increase in size. Type III nucleation is achievable 
at relatively low levels of supersaturation. After it occurs at a fixed cavity in the 
surface of the container wall, Type IV nucleation may follow. Type IV nucleation is 
considered non-classical because there is no nucleation energy barrier to overcome. 
The nucleation occurs at pre-existing gas cavities in the surface of the container and 
may follow Type II or III nucleation events. Pre-existing gas cavities housing menisci 
with radii of curvature greater than the critical nucleation value provide a stable 
source for bubble nucleation. This kind of nucleation is responsible for sustaining the 
cycle of bubble production in carbonated beverages.
In this section evidence is presented to demonstrate that type III and IV 
nucleation requires relatively low levels of supersaturation, certainly much lower than 
predicted by the classical theory. Chen et al. (1993) determined the onset of
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heterogeneous nucleation on particles and measured the nucleation rate to be much 
higher than predicted, concluding that the particle surface served as a catalyst. They 
pointed out that Lubetkin (1988) observed similar enhanced nucleation rates in his 
experiments, because of a lowering of the free energy barrier.
It is evident that the nucleation threshold obtained in many studies is much lower 
than that expected from classical nucleation theory. Part of the problem in accounting 
for the array of results is the lack of recognition by previous workers of the kinds of 
nucleation possible. It is inappropriate to use the equations of classical 
homogeneous nucleation, when the nucleation involved is actually of types III and IV. 
It is now widely accepted that most observed nucleation, originates from pre-existing 
gas cavities (Atchley and Prosperetti 1989).
Harvey et al. (1945, 1947) were perhaps the first to demonstrate the effect of pre­
existing gas cavities on bubble nucleation. When a blunt rod was moved through a 
liquid, bubble generation was greater if the rear end of the rod was either rough or 
dirty. They postulated the existence of preformed nuclei, referred to as Harvey nuclei. 
These nuclei have a radius of curvature greater than the radius of the critical nucleus. 
In order to deactivate these gas cavities, they placed the test system under high 
static pressures to condense any existing vapour and dissolve any existing gas. In all 
the pressurized samples, nucleation occurred at superheats of the order of 100 K 
(type II), as opposed to unpressurised samples in which nucleation only required low 
levels of superheating.
Clark et al. (1959) showed that bubble nucleation only occurred at pits and 
scratches. They studied active pits ranging in size from 8 to 75 mm. Westerheide and 
Westwater (1961) reported that nucleation on their micro-electrode occurred at 
similar specific sites, with consecutive bubbles forming at a given site.
Chirkov and co-workers (1985, 1987) investigated experimentally and 
theoretically the conditions for spontaneous formation of hydrogen bubbles during 
electrolysis. They obtained nucleation at supersaturations of the order of 10. 
However, the classical theory predicted a required level of 105. Similar results were 
obtained by Dapkus and Sides (1986) using aqueous sulfuric acid. Chirkov and co­
workers suggested that a nucleus smaller than that of the critical size could easily be 
generated by fluctuations in the solution properties.
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2.3. Heat and mass bubble growth
2.3.1. Introduction
The diffusion-controlled bubble growth may be divided into two main categories, 
1) bubbles of vapor produced in boiling and 2) bubbles produced by gas diffusion. 
Each process requires that, for mass transfer to occur, the bulk liquid attain a 
supersaturated condition for either temperature or gas content. The gas or vapor flow 
into the bubble comes directly from the surrounding liquid and is therefore dependent 
on the changing surface area of the bubble as well as on the changes in the liquid 
state. The case under investigation described as follows: This is a three dimensional 
problem which involves transient heat and mass transfer in the gas and liquid 
phases. Also includes the moving boundary of the bubble into the liquid. Finally, the 
temperature gradient along the surface of the bubble induces a Marangoni flow.
2.3.2. Mass diffusion
The growth rate of a spherical bubble growing in a superheated liquid of infinite 
extent (see Figure 2.2) is determined by the difference between the pressure within 
the bubble and the ambient pressure, liquid inertia and viscosity, surface tension, and 
transport of heat and volatile material through the liquid to the bubble surface 
(Scriven,1959).




where p is the density and J7 the velocity vector.
Assuming spherical symmetry and an incompressible fluid, equation (3) can be 
integrated to give
ur2 = f(t) (4),
where u is the radial velocity, r is the radial coordinate and the origin of the 
coordinate system is the bubble center, which is at rest.
Since the quantity ur2 is a function of time alone, it can be evaluated in terms of its
dR
value at the bubble surface. The surface moves with velocity—; the net velocity
dt
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 2: Literature Review 13
causes a mass flow of 4πΚ2ρί
dR
dt
u(R) which must just equal the rate of




(4 3 > "dR # x"
-nR qc = 4πR2ρL —-uR
V3 ; L
(5)
Figure 2.2 Schematic of a spherical bubble in an infinite liquid
During bubble growth the volume increases by orders of magnitude but the vapor 
density changes relatively little; hence it is permissible to assume that vapor density 
is independent of time. Differentiating the left-hand-side of equation (5) under this 
assumption, leads to the following expression for the liquid velocity on the bubble 
surface
. dR , . . dR
u(R) = —{Q,-Qc)'Q =e — 
dt G L dt
where, ε = 1 - —, dimensionless. 
Ql
Substituting this result into equation (4), we have
2 dR 2 




this is the final expression of the continuity condition in the liquid.
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The motion of the liquid is governed by the Navier-Stokes equation. For a 
Newtonian fluid in spherically symmetric flow with no external body forces, the only 
nontrivial component is in the r-direction and is given by:
du du 1 dp d2u
— + u— =-------i-s--2 η—-
dt dr dr dr"
(8)
where η is the kinematic viscosity and pw is the pressure in the liquid. Substituting 
velocity from equation (7) and integrating along a radius from the bubble surface to 
infinity, we obtain
P„(°°)-pr,(R) =Rd2R , 3







The radial component of the radial stress at infinity is just the negative of the 
ambient pressure, while at the bubble surface it is given by
-ptr(R) = Pv +P8 ~ γ (10)
The Rayleigh-Plesset equation of motion for the bubble surface is obtained in 
final form by substitution in equation (9), thus








Based on equation (11), it was shown by Birkhoff et al. (1958) that the effects of 
surface tension, viscosity and inertia are negligible provided that the initial bubble 
size is not extremely small (More in Chapter 3).
In the gas diffusion bubble growth process, the gas concentration gradient 
directly supplies the mass transfer into the bubble. Unlike the nucleate boiling 
process from a heated wall, there is no contribution of energy from the wall in 
developing a gradient preceding bubble growth. Analytic solutions for bubble growth 
by gas diffusion were derived before the equivalent homogeneous boiling derivations, 
due to the initial simplifying assumption that radial convective terms could be ignored.
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Epstein and Plesset (1950) assumed that since the region in the solution around the 
bubble through which the diffusion process takes place is much larger than the size 
of the bubble itself, the bubble size is of little consequence to the configuration of the 
surrounding concentration and the only effect of the bubble size is to provide the 
interfacial area across which mass transfer takes place. Under these conditions, the 
solution for spherical bubbles growing by gas diffusion through a stationary boundary 
becomes identical to the heat conduction solution. Ruckenstein (1963), established 
equations on mass transfer coefficient in the continuous phase from a single 
spherical bubble or drop. Payvar (1987) performed an analysis based on the integral 
method for the solution of mass-transfer controlled bubble growth, during a rapid 
decompression of an ethyl alcohol-C02 solution. Cable and Frade (1987), provided 
with theoretical solutions in problems involving diffusion-controlled growth of gas 
bubbles in liquids in conditions of spherical symmetry. They showed that the bubbles 
in systems containing several diffusing gases, approach an asymptotic composition 
and a parabolic relation exists between size and time.
Many of the earlier studies tried to predict scaling relationships of the form, R~t“, 
where R is the bubble radius and t denotes the time period of growth. A classic 
theoretical account was communicated by Scriven (1959) who found that a simple 
parabolic law (a=0.5) describes bubble growth in an infinite liquid of constant 
supersaturation. Scriven established the influence of radial convection on spherically 
symmetric phase growth controlled by diffusion. As the growth rate increases, the 
front moves into the concentration field, producing a higher rate relative to the front, 
resulting in a higher gradient and hence a thinner boundary layer thickness. Scriven’s 
solution is usually presented as,
R = 2pVkt (12)
where R is the bubble radius, t is the time, β a dimensionless growth parameter and k 
a diffusion term. For growth by heat conduction k is the thermal diffusivity and for 
growth governed by molecular diffusion k is the diffusivity. Scriven provided a table of 
β values vs. a quantity φ{ε,β}, a superheat or supersaturation parameter. That is,
φ = φ(ε,β) =
9l(Cq-C sat) 
Qg(Ql ~ ^SAT )
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where pG and pL are the density of the gas and the liquid, respectively, and C0 and 
Csat are mass based concentrations of the bulk and equilibrium concentrations of the 
gas in the liquid. This important result, valid for a negligible Laplace pressure, shows 
that the radius is proportional to the square root of the growth time. Bankoff (1966), 
presented an overall summary of the factors governing the growth of a bubble, and 
the assumptions generally made. In addition to molecular diffusion, his analysis takes 
into account the radial convective movement of the expanding gas-liquid interface, 
which results in a faster growth than that expected for diffusion alone.
Studying bubble growth in a solution supersaturated with a dissolved gas Buehl & 
Westwater (1966) obtained a value of a equal to 0.5. Bisperink & Prins (1994) using 
a model cylindrical cavity of 80.3 mm, examined the growth of single bubbles in 
carbonated liquids. The solution was made supersaturated by applying a vacuum to 
produce a pressure of 0.36 atm, which in turn resulted in a more significant Laplace 
pressure. These researchers developed a computational model of the bubble growth, 
taking into account the mass transfer by diffusion and the effect of dynamic surface 
tension. Interestingly, they obtained bubble growth predominantly of the form R~t°5, 
but they did not note this important result. Barker et al. (2002) performed 
decompression experiments to study the growth of single bubbles in carbonated 
liquids and found also that a parabolic law fits nicely their data. In experiments where 
water was uniformly superheated (and not decompressed), Jones et al. (1999a) 
reported once more a parabolic growth of C02 bubbles, all the way from bubble 
inception to final detachment. In summary, there exists enough evidence in literature 
that a parabolic law can adequately describe the isothermal bubble development due 
to mass diffusion from a homogeneously supersaturated liquid.
2.3.3. Heat diffusion
At the other end of the line, there is a vast literature devoted to vapor bubbles 
growing due to boiling over heated solid surfaces Dhir (1998). The situation is now 
more complex because the bubble shape changes continuously during the growth 
process.
Among these studies special reference must be made to Lee & Merte (1996a,b) 
and Straub (1994, 2000) and Straub and co-workers (1992) who performed 
meticulous pool boiling experiments under microgravity conditions in order to discard 
natural convection effects and avoid bubble distortion and departure from the heater. 
Apart from the experiments, Lee & Merte made decisive improvements in the 
theoretical models for both spherical growth in a uniformly superheated unbounded
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liquid and hemispherical growth in a non-uniform liquid temperature field, such as 
that arising from a heated flat surface. Although originally meant to describe nucleate 
boiling, Scriven’s solution has a general validity. For boiling of pentane Strenge et al. 
(1961) reported exponent values in the range 0.312<a<0.512, while in a study of 
nucleate boiling of water, Saddy and Jameson (1971) proposed that a is close to
0.75. The diversity in the reported values of a for nucleation boiling reflects both 
difficulties in performing well-controlled experiments. On this account, Rosner & 
Epstein (1972) calculated deviations from the parabolic law for small bubbles (in a 
submicroscopic scale) due to finite interfacial kinetics and capillarity effects.
Surveying previous work, as outlined above, reveals that a full understanding of 
the mechanisms that govern bubble growth has not been reached yet. Serious work 
is still underway to achieve this goal by incorporating either more complex 
mathematical analyses or more elaborate experiments, e.g. Robinson & Judd (2001), 
Shaw & Pantoya (2000).
In the past, diffusion induced bubble growth of a dissolved gas was triggered 
either by a homogeneous reduction in pressure or by a global increase in the bulk 
temperature of a saturated solution. These efforts were usually undertaken having in 
mind the mechanisms of nucleation rather than bubble growth, e.g., Jones et al. 
(1999b). For this reason, most experiments were conducted at low temperatures 
where the effect of the liquid vapor pressure is insignificant. Apart from that, both 
experimental approaches provided data under isobaric and isothermal conditions, 
where only concentration -and not thermal- gradients exist between the bubble and 
the liquid. In real applications though, such ideal conditions are unlikely to occur and 
the simultaneous presence of temperature gradients is inevitable. Such thermal 
inhomogeneity can be produced in experiments where supersaturation is created at 
only a small confined region of a large pool of liquid by employing a small local 
heater. Such experiments -though very interesting both from a fundamental and an 
applied point of view- when performed under terrestrial conditions are complicated to 
interpret, due to the prevailing buoyancy effects and have therefore attracted no 
attention in literature. A microgravity environment would skip these annoying effects 
and would further permit the investigation of considerably large bubbles, where not 
only the capacity of the diagnostics is better but also heat and mass transfer clearly 
dominate the desorption process.
A generally accepted theoretical description of the growth of a bubble requires 
the coupling of the equations for continuity, motion, conservation of the diffusing 
species and heat. The growth rate is influenced by a number of factors such as the
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rate of molecular diffusion to the interface of the bubble, liquid inertia, viscosity and 
surface tension.
Details of the continuity, motion, diffusion and heat equations can be found in the 
theoretical presentations of Plesset and Zwick (1954), Westwater (1964) and Bankoff 
(1966), in conjunction with the relevant assumptions necessary to solve them.
In nucleate boiling, the temperature field confined in a thin thermal boundary layer 
around a bubble could be predicted. It was then shown that the temperature was 
reduced by the loss of the latent heat of vaporization and that the radius increased 
asymptotically with the square root of time. A similar asymptotic solution associated 
with negligible inertial effects was obtained by Forster and Zuber (1954). Plesset and 
Zwick (1954) produced, by using a thin boundary layer approach, the same result 
with only a change in the proportionality coefficient.
2.3.3.1. Boiling in microgravity
Drop tests were using increasingly tall towers, leading to the production of the 
100 m test facility in operation at NASA Lewis Research Center in Ohio. This tower 
produced a 4.5 s drop time. Test periods were further increased with the use of 
parabolic trajectory flights using the KC 135 aircraft at the Johnson Space Center in 
Houston. A test time of 20 s was now possible. Finally the German program called 
TEXUS (Technologische Experimente unter Schwerelosigkeit) began using ballistic 
rocket flights during the 1970's. This permitted test tubes of up to 6 min in duration. 
The TEXUS program produced results for bubble departure diameter summarized by 
Straub (1990), which indicated that the influence of gravity was much lesser than 
expected. Straub (1990, 2000), studied boiling heat transfer on a miniature heater 
using R11 as the working liquid. Lee and Merte (1996a) measured the hemispherical 
vapor bubble growth of R113 with transient heating at a flat surface and made 
comparisons with a combination of two-one dimensional spherical models. On his 
review paper, Straub (2000) presents results for pool boiling heat transfer under 
microgravity conditions.
2.4. Marangoni or Thermocapillarv phenomenon
2.4.1. Surface tension induced flow
The liquid motion due to the surface tension variation at a gas/liquid interface, 
referred to as the Marangoni effect, has been studied in the past by various
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researchers from different perspectives. The variation stems from the dependence of 
surface tension on temperature, and thus the phenomenon is active at all the non- 
isothermal interfaces. Early works by Pearson (1958), Scriven and Sternling (1964) 
and Smith 1966 dealt with the onset of cellular motion and the flow instability 
described in terms of the dimensionless Marangoni number. The Marangoni number 




By employing linear stability analysis, these researchers argued the existence of 
a minimum, or critical, value of Marangoni number, Mac, above which the transition 
from the buoyancy to the surface tension driven flow would occur. Figure 2.3 shows 
the Marangoni flow, initiated at the surrounding liquid by tangential thermocapillary 
stresses generated on the liquid-gas bubble interface.
T, Hot Liquid hot
Figure 2.3 Marangoni flow on the liquid-gas bubble interface
The effect of temperature variation on a spherical free surface was examined first 
by Young et al. (1959) who observed experimentally that the small air bubbles in a 
liquid sample could be held stationary or driven downwards by a sufficiently strong 
negative temperature gradient in the vertical direction. The phenomenon was 
attributed to the surface tension variation at the bubble surface due to the 
temperature field present.
That Marangoni flow might be of importance as a heat transfer mechanism in 
nucleate boiling was originally suggested by McGrew et al. (1966) who questioned 
the explanation that high boiling heat transfer rates are attributed to intense vapour
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bubble agitation of the liquid boundary layer adjacent to the heating surface and bulk 
liquid entrainment by bubble detachment from the surface. A series of experiments 
was performed in which the liquid was heated from above and cooled from below, 
with slowly increasing heat flux. Observations of the flow profile around air bubbles 
placed on the heating surface and vapour bubbles produced during boiling conditions 
were enabled by small tracer particles suspended in the liquid. As a result of the 
identical flow patterns observed around air bubbles and vapour bubbles, McGrew 
concluded that Marangoni flow would occur around any bubble present in a region 
subjected to a temperature gradient and that the phenomenon observed served as a 
primary factor in the heat transfer mechanism in those situations where bubbles 
remained attached to the surface for relatively long periods of time.
2.4.2. Flow distribution around a bubble
Since liquids, in general, have a negative temperature coefficient of surface 
tension, the preferred set-up in the majority of experiments performed is that shown 
in Figure 2.4. Heating the liquid from above ensures that buoyancy and surface 
tension forces act in opposite directions so that Marangoni flow cannot be 
overwhelmed by buoyancy driven flow. The studies performed all agreed on the 
general liquid flow profile around a spherical gas bubble attached to a heater surface. 
The difference in the temperature of the bubble at its base and at its top establishes 
the surface tension gradient which leads to a liquid flow in the direction of increasing 
surface tension. Although the resulting surface tension force is opposed by the shear 
stresses within both the gas and liquid phase, the shear stress in the liquid is much 
larger than that in the gas, leading to the conclusion that the shear forces on the gas 
side at the gas/liquid interface can be neglected.
The first numerical study of the Marangoni effect around a hemispherical bubble 
placed on a solid wall subjected to constant heat flux was conducted by Larkin (1970) 
who obtained time dependent numerical solutions for the flow and temperature fields, 
which were dependent upon the Prandtl number and the Marangoni number, for 
Prandtl numbers of 1 and 5 and Marangoni numbers ranging from 0 to 105.
Figure 2.4 Surface tension induced flow around an air bubble at a heated wall
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The liquid was observed to move toward the wall, then flow around the bubble 
surface and leave the bubble as a jet. The extent of the jet increased with increasing 
Marangoni number and decreased with increasing Prandtl number. Larkin reported 
that the flow built up quickly and then gradually declined with time, but was unable to 
continue the solution until steady-state because of the enormous computer time 
required.
A theoretical estimate of surface tension-induced flow on the thermal equilibrium 
of a vapour bubble located at a heated wall was investigated by Gaddis (1972) for 
the range of Marangoni numbers between 0 and 125 and Biot numbers from 0 to 
100. Gaddis concluded that the surface tension-induced fluid flow reduced the 
temperature difference between the wall and the vapour inside the bubble and 
therefore resulted in a lower wall superheat needed for the incipience of nucleate 
boiling. The analysis performed by Kao and Kenning (1972) extended the work of 
Larkin and Gaddis by examining the steady-state flow for a range of Marangoni 
numbers from 50 to 2.5· 105 and Biot numbers from 0 to 5000. Their observations 
were in qualitative agreement with those previously reported by Larkin. They also 
showed that even a small amount of contaminants could produce considerable 
differences in liquid properties, resulting in the suppression of Marangoni flow.
The most comprehensive description of the Marangoni flow was given by Hupik 
and Raithby (1972) who examined surface tension effects in water boiling on a 
downward facing heated surface. The water temperature in all experiments 
performed was below the saturation temperature. An air bubble placed on the wall 
resulted in a formation of a strong jet of fluid, moving downward along the centerline 
of the bubble. The surrounding cooler liquid was induced to flow toward the heater 
surface and the base of the bubble. At heat fluxes high enough to produce a large 
number of vapour bubbles, an increased tendency of bubbles to coalesce was 
observed, resulting in the formation of a vapour blanket that covered a large portion 
of the surface. Vigorous Marangoni flow was observed at the periphery of the 
blanket, drawing the liquid over the heater surface and propelling it along the vapour 
interface.
An important observation was reported in the comprehensive work of Schwabe 
and Metzger (1989) concerning the relative importance of the surface tension 
induced flow in liquid crystal growth with high Prandtl number. In their experiments, 
ethanol was placed in a rectangular cavity with a free upper surface. The 
temperature gradient in the bulk liquid was provided by means of two bulk heaters 
placed at diametrically opposite locations on the outer wall of the cavity. In order to 
vary the temperature difference across the free surface independently from that in
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the bulk liquid, two thin surface heaters were placed at the surface level above the 
corresponding bulk heaters from which they were thermally insulated. In this way, it 
was possible to vary the temperature gradient in the bulk liquid and across the 
surface independently and consequently to separate the influence of the buoyant and 
surface tension forces. The results obtained clearly showed the Marangoni flow 
produced and its increasing significance with increasing temperature gradient. The 
surface tension forces observed were always significant in the experiments 
performed and the authors recommended that surface tension effects should be 
given much more attention.
Wozniak et al. (1996) experimentally examined the effectiveness of particle- 
image—velocimetry for the visualization of the flow induced by surface tension 
variation in both normal gravity, Wozniak, Wozniak and Rosgen (1990) and reduced 
gravity, Wozniak et al. (1996). Normal gravity experiments, performed again with an 
air bubble inserted in silicon oil under a heated wall facing downward, clearly 
identified the flow pattern which led to the conclusion that the technique employed 
could be used effectively for Marangoni flow investigations. The experiments 
performed in microgravity, where surface tension variation was the only active 
physical mechanism, showed that the influence of the flow penetrated much deeper 
into the bulk liquid and led to a jet-like structure flow (Peng et al 2000).
For higher Marangoni numbers, oscillatory flow was observed by various 
researchers, (Schwabe and Metzger 1989, Ben Hadid and Roux 1992 and Reynard 
et al. 2000).
2.5. Phenomenological observations of bubble behavior
In boiling and electrolysis there is evidence that bubbles do not always grow at 
their nucleation site but sometimes perform a sweeping lateral motion across the 
heaters/electrodes and so interact with other bubbles Sides et al. (1984), Wang et al. 
(2002) and Lu et al. (2005).This activity creates agitation of the local liquid layers and 
leads to a redistribution of bubbles over the heater/electrode surface which can affect 
the performance of the heater/electrode. In electrolytic gas bubble evolution, such 
phenomena are driven by buoyancy and concentration temperature gradients. In 
boiling, buoyancy has a minor contribution -this motion has been observed also in 
microgravity, Straub (2001), but bubble displacement is often too fast to observe with 
confidence.
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 2: Literature Review 23
There are five main phenomena (or motions) that have been observed with 
bubbles close to or in contact with electrodes. The first is described by Westerheide 
and Westwater (1961) and might be called “bubble jump-off and return”. The same 
authors photographed single electrolytic hydrogen bubbles and quantitatively 
compared their growth data to the theoretical predictions of diffusion-induced growth 
proportional to the square root of time. They found agreement for a single bubble, but 
observed that multiple bubbles interfered with each other’s growth. A coalescence 
event results in a bubble leaving the horizontal electrode, but instead of the expected 
gravitational rise, the bubble immediately returns to the electrode. This behavior has 
also been reported by others including Sides and Tobias (1984). The second 
phenomenon has been termed “specific radial coalescence”, Sides and Tobias 
(1984) and consists of a central large bubble acting as a collector for smaller bubbles 
in the neighborhood. The smaller bubbles translate across the electrode and 
coalesce with the central bubble. The third is the oscillation of a bubble whilst still 
attached to the electrode, reported by the same authors. The fourth is the report by 
Lubetkin (2002) that bubbles rising on (or adjacent to) a vertical electrode follows 
sinusoidally oscillation tracks. Oscillation implies a periodically varying force, and the 
origin of such variations is discussed also in this paper. The so-called “fountain 
effect” or “rapid -fire” emission of bubbles has been reported and tentatively 
explained by Glas and Westwater (1964) on their study of the growth of H2, 02, Cl2, 
and C02 bubbles on platinum, nickel, copper and iron electrodes, at 1 to 2 atm 
pressures with controlled constant current densities. The asymptotic growth rates of 
the bubbles are found to agree with the theoretical prediction of Scriven.
Same types of phenomena are observed during experiments in boiling. Chen and 
Chung (2002) contacted experiments on a heating surface of microheaters and 
observed coalescence taking place when bubbles grew to a certain size that allowed 
them to touch each other. Another experiment dealt with nucleate boiling (Wang et ai. 
2002), (liquids used pure water, 75% alcohol and 99% alcohol) on very thin 
horizontal platinum heating wires (diameter of 0.1 mm). Sweeping bubbles were 
observed during subcooled boiling as well (Lu and Peng 2005).
The thermocapillary migration was first investigated by Young et al (1959), who 
provided a theoretical description for the migration velocity of an isolated bubble in a 
bulk fluid with an imposed thermal gradient. This can be shown to hold when 
Reynolds and Marangoni numbers are small. They also observed the movement of a 
bubble in the liquid. The theory of Young et al (1959) is extended by Subramanian 
(1981) for the case with a convective heat transport in a microgravity environment. 
Meyyappan et al. (1983), theoretically investigated, using a bispherical coordinate
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system, the axisymmetric thermocapillary migration of two bubbles in the 
microgravity environment moving along their centerlines, of centers in the quasi 
steady state and the bispherical coordinate system is used. They found that the 
smaller one always moves more rapidly than that in the isolated case, while the 
larger bubble moves slightly slower Meyyappan and Subramanian (1984) analyzed 
the thermocapillary migration of two bubbles, in arbitrary orientation with respect to 
an applied temperature gradient, by using a far-field approximation, while Anderson 
solved the problem of two arbitrarily oriented droplets by using the reflection method. 
While studying the electrolytic evolution of oxygen bubbles from the back side of a 
vertically oriented transparent tin oxygen electrode, Sides and Tobias (1984) 
discovered an aggregation mechanism of bubbles that they termed “specific radial 
coalescence. In these experiments, large “collector” bubbles appeared to attract 
smaller “tracer” bubbles. Bubbles of similar size also tended to move toward each 
other. In recent work Kasumi et al (2000), showed theoretically that thermocapillary 
flow accounts for lateral motion of bubbles in liquids near heated walls.
2.6. Key physical properties
2.6.1. Solubility of gases in liquids
When a gas comes above the surface of a liquid, it is partly dissolved in the liquid 
forming a gas-liquid solution. Gas solubility in the liquid depends on temperature, on 
the nature of the gas and the liquid and on pressure. On the other hand, when a 
gaseous phase comes in contact with a liquid it will detach vapor from it. If this 
contact lasts for sufficient time, equilibrium is achieved where the partial pressure of 
the liquid’s vapour equals the saturation pressure of the liquids under the system 
temperature.
The solubility of a gas in a liquid is proportional to pressure and decreases with 
temperature. This dependence is expressed by Henry’s law as follows
P=xgH(T) (16)
where H(T) is Henry’s constant.
Henry’s law is valid under the restrain that during the gas dissolution in the liquid 
the molecular condition of the gas remains completely invariable, i.e. gas molecules 
do not conjugate or dissociate in the liquid but remain in a monomolecularform.
An important characteristic of the equilibrium solubility of gases in liquids is its 
inverse dependence on temperature. This behavior may be explained by standard 
thermodynamic considerations, when taking into account that gas dissolution is an
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exothermic process. More specifically, the equilibrium solubility, C, and the enthalpy 
of dissolution, ΔΗ, are related by Van’t Hoff equation (Fogg and Gerrard, 1991):
dlnC _ AH 
dT ~ R * T2
(17)
Equation (17) indicates that dC/dT<0 when ΔΗίΟ that is gas solubility decreases 
with temperature. This observation explains why low temperature water contains 
relatively significant amounts of dissolved gases such as N2, 02, C02 etc. For 
example, cold lakes are richer in dissolved oxygen than warm ones.
Another characteristic of gas dissolution that is of interest in the present work is 
the inverse dependence of equilibrium solubility on the concentration of dissolved 
salts. For example, the solubility of common gasses (N2, 02, C02, NH3 etc) 
decreases significantly when electrolytes are added in the liquid. This decrease in 
gas solubility is called “salting out” and depends strongly on the concentration of 
electrolytes (Fogg and Gerrard 1991).
2.6.2. Diffusion Coefficients
Diffusion is caused by random molecular motion that leads to complete mixing. It 
can be a slow process, as it is indicated by typical spreading rates of 10 cm/min in 
gases, 0.05 cm/min in liquids and 0.00001 cm/min in solids (Cussler 1984). Diffusion 
coefficient in gases, which can be estimated theoretically, are about 0.1 cm2/s. 
Diffusion coefficients in liquids, which cannot be as reliably estimated, cluster around 
10'5 cm2/s. Diffusion coefficients in solids are slower still, 10'10 cm2/s and they vary 
strongly with temperature. There is a great dependence on experimental 
measurements of these coefficients, because there is no universal theory that 
permits their accurate a priori calculation. Unfortunately, the experimental 
measurements are unusually difficult to make and the quality of the results is 
variable. Therefore, in the absence of reliable experimental data, a widely used 
correlation for estimating the diffusion coefficient in liquids is the following Wilke- 
Chang relation (Reid 1986), which is, in essence, an empirical modification of the 
Stokes-Einstein equation:
D AB
7.4 * 10~8(φΜΒ )I/2T
(18)
Here, DAb= mutual diffusion coefficient of solute A at very low concentrations 
in solvent B, cm2/s
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MB=molecular weight of solvent B, g/mol 
T=temperature, K 
nB=viscosity of solvent B, cP
VA=molar volume of solute A at its normal boiling temperature,
cm3/mol
<p=association factor of solvent B, dimensionless, (i.e. if solvent is 
water, φ=2.6, if it is .methanol φ=1.9, if it is ethanol cp=1.5 and cp=1.0 if it is 
unassociated).
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3. THEORETICAL APPROACH
3.1. Physical motivation for isotropic models
The sequence of phenomena after the onset of heating is the following: initially, a 
transient temperature field develops in the liquid around the spherical heater. As heat 
penetrates into the liquid, the spherical heater surface temperature increases 
gradually (more heat provided than removed) until a steady temperature distribution 
develops. At some moment -before or after reaching steady state- supersaturation of 
dissolved C02 leads to the generation of a bubble on the heater’s surface. This 
occurs at a high energy surface nucleation site (heterogeneous nucleation). The 
sudden burst of a bubble breaks the spherical symmetry of the temperature field 
imposed by the spherical heater and renders the problem inherently three- 
dimensional.
The characteristics of the experiment are such that permit a crude first 
approximation based on an isotropically growing spherical bubble. More specifically, 
the surface of the spherical heater is coated with a thin glass layer and since glass is 
highly wettable, the advancing contact angle between the spherical heater and the 
liquid for a slow growing bubble is appreciably small. This is more so with apolar 
(organic) low energy liquids which tend to have an approximately zero contact angle 
with a solid surface. Besides, there is prior theoretical and experimental work, e.g. 
Buehl and Westwater (1996) and Glas and Westwater (1964) supporting that the 
effect of contact angle on bubble growth rates is very small. Therefore, at all times 
the bubble is assumed to attain a spherical shape with a minimal contact with the 
solid. In addition, the heater has a highly curved (roughly spherical) surface and as a 
consequence, a slight displacement of the contact line between the bubble and the 
heater (while maintaining constant contact angle) would require a large volume 
change of the bubble. This means that in the present case the small contact area 
between the bubble and the heater changes only slightly as the bubble grows at just 
a reasonable size. Besides, after some time the size of the bubble becomes larger 
than the size of the heater.
Based on the above reasoning, a one-dimensional model is developed by lecturer 
Dr. M. Kostoglou and implemented by N. Divinis. First, the bubble temperature is 
considered constant and a self-similar solution is derived. Next, the temperature of 
the bubble is assumed to vary, and an inverse problem is solved, whereby the
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temporal variation in temperature is calculated from the observed bubble growth rate. 
Comparing in both cases predictions to measurements reveals important information 
for the phenomena dictating bubble growth.
3.2. Formulation of one-dimensional model
The characteristics described in Section 3.1, supplemented by the elimination of 
gravity, permit as a first approximation the consideration of a perfectly spherical 
bubble and the substitution of the heated surface by a heat source in the center of 
the bubble. Evidently, this assumption is in error at the very first instants of growth 
where a bubble cup appears instead, but this work is not concerned with this time 
regime (typically for t<10 ms; Straub (2000). Bubble sphericity leads to a major 
simplification of the mathematical model, which becomes 1-dimensional. Campos & 
Lage (2000) used a similar assumption in simulating the formation of superheated 
bubbles at an orifice. In their 1-D bubble growth model, they substituted the orifice 
with a gas source in the center of the sphere as shown in Figure 3.1.
The gas bubble growth problem is associated with various time scales. These are 
the mass diffusion and heat conduction time scales in gas and liquid phase in pairs. 
The significance of each time scale can be assessed by comparison with the bubble 
growth time scale. Whereas the transport time scales in the liquid are comparable to 
that of bubble growth, transport phenomena in the gas phase are much faster.
T(r,t)
Figure 3.1 One dimensional bubble growth model
This means that the concentration and temperature in the bubble can be taken in 
our model as uniform. In addition, compressibility effects may be safely neglected for 
the relatively small bubble growth velocities encountered in the present experiments
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and the pressure inside the bubble can be assumed as uniform. A description of the 
growth of a bubble requires the coupling of the equations for continuity, motion, 
conservation of the diffusing species and heat transfer. The equation of motion of the 
bubble (Rayleigh-Plesset equation) under the present conditions degenerates to
Pv + P9 = P- (1)
where P« is the external (ambient) pressure, Pg is the partial pressure of C02 and Pv 
is the vapor pressure of the liquid. The terms which contain time derivatives of the 
bubble radius, R, in the Rayleigh-Plesset equation can be neglected due to the slow 
growth of the bubble. These terms are important in boiling applications where typical 
growth rates are of the order of mm/ps. The contribution of surface tension to bubble 
evolution has been studied in detail by Cable & Frade (1988). They found that for 
bubbles with radius 20 times larger than the critical one, the effect of surface tension 
is negligible. In the present case the critical radius is of the order of 1 pm so surface 
tension can be safely ignored in equation (1).
The equation of continuity in the liquid phase requires that the (radial) liquid 
velocity u has the following form (assuming the density of the bubble is negligible 
with respect to the density of the liquid)
u = R2 R (2)
where the dot denotes time derivative.
The energy conservation equation in the liquid phase is
dt




where K is the thermal diffusivity of the liquid phase.
The solute mass conservation equation in the liquid phase is
— = D 
dt




where C is the concentration of C02 and D is the diffusivity of C02 in the liquid. 
A mass balance of C02 on the bubble surface gives
d{P^) ,no2
dt
= 3 DR' dCN
dr (5)/ r*R
where pg is the molar density of C02 in the gas phase.
The boundary conditions on the gas-liquid interface are the continuity of the 
temperature (the subscript B denotes the bubble)
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T(R,t) = TB(t) (6)
and the equilibrium of C02 in the two phases (Henry’s Law)
C(R, t) = Csat(TB) (7)
Where Csat(TB) is the solubility of the gas for temperature TB and total pressure Pw or 
equivalently for partial pressure Pg.
Finally, the temperature dependence of the water vapor pressure and the law of 
ideal gases for the C02 are needed to close the problem




where Rg is the universal gas law constant.
The initial conditions of the problem are: 
uniform initial temperature,
T(r,0)=T0 (10)




The initial size of the bubble must be the critical size. But this size is a function of 
the supersaturation, which for the present problem evolves with time so it is not 
known in which supersaturation the bubble will be formed. Nevertheless, an exact 
value for R0 is of little significance since, as with the surface tension, very soon the 
bubble forgets its initial size.
The boundary conditions far from the bubble are:
T(°°,t)=To (13)
C(~,t)=C0 (14)
The global heat balance for the bubble is:
W V . λ dT,
- = -(pgcg+pvcv)-
dR
B +PM — + E. 
" dt






where A and V are the surface area and the volume of the bubble respectively, pv is 
the vapor molar density in the bubble, cg and Cv are the specific heat capacities of the 
C02 and vapor, respectively, L is the latent heat of liquid, Ea is the dissolution energy 
of C02 in the liquid and k is the thermal conductivity of the liquid phase. All the above 
properties must be computed for a temperature equal to TB. The LHS of equation 
(15) is the energy rate given to the bubble from the heater (spherical thermistor). On 
the RHS of the equation the first term is the rate of the sensible heat needed to raise
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the bubble temperature, the second term is the rate of the gas expansion work, the 
third and fourth terms are the rate of the energy consumed for the dissolution of C02 
and evaporation of water, respectively, and the final term is the rate of heat transfer 
from the liquid to the bubble.
The above system of equations is by no means trivial to solve and considerable 
effort has been made in literature. The main difficulty is the solution of the transient 
convection-diffusion equations (3, 4) with a moving boundary. Several approximate 
solutions have been developed based on the relative magnitude between convection 
and diffusion Plesset & Zwick (1954), Rosner & Epstein (1972), Arefmanesh et al. 
(1992), Lee & Merte (1996b).
A review of the approximate solutions of the complete bubble growth problem 
(either with gas diffusion or evaporation) is presented by Vrentas & Vrentas (1983). 
These authors found that the above system of equations may possess a self-similar 
solution in the limit of large time. The essence of the self-similarity approach is that 
all terms in equations (5) and (15) have the same time dependence. More 
specifically, the bubble radius increases proportionally to t1/2. In the present case, the 
self-similarity may be destroyed by the term describing the rate of heat given to the 
system, W, which is an input function, and therefore has arbitrary time dependence. 
In order the self-similarity to be retained W should also increase proportionally to t1/2 
and then the resulting bubble temperature is constant. In other words, assuming a 
constant bubble temperature is equivalent to assume W oc t1/2. This simplified case is 
examined below.
3.3. The self-similar solution for constant bubble temperature
If one uses a constant bubble temperature as input variable to the above 
equations he can determine independently the growth rate of the bubble and the 
required heat input rate since then the mass and heat transfer problems are 
decoupled. The following non-dimensionalization is introduced:




The heat transfer equation takes the form:
St [^dr2 r dr J r2 dr
in R<r<oo (17)
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The initial / boundary conditions are
T(r,0)=0, T(R,t)=Te, T(oo,t)=0 (18)
The mass transfer equation and the relevant conditions have exactly the same 
form but with c in place of τ and D in place of K.







The solutions of the above equations are:
τ τ I(s,P) c-c Ι(λ8,λβ)


















The energy input that is needed in order to achieve a constant bubble 
temperature can be shown after some algebra to be:
W = 2yVKt (23)
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where




B = P„ +(pgEa + pvL) (25)
An asymptotic approximation of the above solution, which is particularly 
convenient for computations, is as follows:
In order to get numerical results, the integral in (22b) is transformed to the 
following more convenient form:
1
φ(ζ) - 2z2 jexp[-z2 ((1 - y)'2 - 2y - l)]dy (26)
o
The above is integrated numerically by transforming it to an ordinary differential 
equation and using an integrator with self-adjustable step and pre-specified 
accuracy.
Instead of numerically computing the integral (26), the following correlation can 
be used with local accuracy much better than 1%.
φ(ζ) = \/π/3(ζ-4/9) for ζ>6 (27)
φ(ζ) = 1.0022z - 0.3232 for 6>ζ>1.22 (28)
φ(ζ) = (2 -3.3745ζ + 4.1675ζ2 - 2.9305ζ3 + 0.834ζ4 )ζ2 for ζ<1.22 (29)
φ(ζ) = Ψ =>
ζ = (0.7063 + 0.4545λ/Ψ + 0.1591Ψ)λ/ψ for Ψ<0.89 (30)
Ψ +0.3737
ζ =---------------- for 5.7>Ψ>0.89 31
1.0022
Ψ
ζ- ΓΖ__+ 4/9 for Ψ>5.7 (32)
Figure 3.2 presents theoretical predictions of bubble radius versus time for 
several constant bubble temperatures. Results are for the system C02 dissolved in 
water. Within a few seconds the bubble reaches a considerable size which is largely 
dependent on temperature. The increasing contribution of the vapor pressure of 
water at higher temperatures is evident since it results in an excessively faster 
bubble growth as the temperature rises.
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Figure 3.2 Theoretical predictions of bubble radius versus time for several bubble
temperatures
The self-similarity solution is obtained under the assumption of a constant thermal 
conductivity and diffusivity in the liquid (schematically presented in Figure 3.3) with 
values corresponding to the constant bubble temperature. This assumption is not 
generally valid due to the existence of temperature and concentration gradients 
around the bubble. For highly diluted solutions the conductivity and diffusivity 
dependence on concentration is small.
Figure 3.3 Schematic of the self-similar case
Also, the dependence of conductivity on temperature in the range of values 
appearing in the present problem is small and can be ignored. On the other hand, the 
temperature dependence of diffusivity is appreciable and cannot be ignored as
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easily. Figure 3.4a and 3.4b displays respectively the estimated temperature and 
concentration boundary layers extending outside a bubble at two different instants (1 
and 3 s) of its growth. Predictions are for water and n-heptane and for bubble 
temperatures like those typically measured for the two liquids in this work.
(a) (b)
Figure 3.4 Predicted (a) temperature and (b) concentration boundary layers around a 
bubble at two instants (1 and 3 seconds) of its growth
For both liquids the concentration boundary layer is substantially smaller than the 
temperature boundary layer, this being more prominent for water. The parameter that 
expresses the relative size of the two boundary layers is λ (equation 21a) which is 
4.9 (at 85 °C) for water and 3.2 (at 50 °C) for heptane. This means that at least 
during the early stages of growth, mass diffusion takes place in a region near the 
bubble surface where the temperature varies in just a narrow range. So, to a first 
order approximation, the diffusivity can be assumed initially constant and equal to its 
value for temperature TB In principle, however, a complete solution must also take 
into account the temporal and spatial variability of conductivity and diffusivity with 
temperature.
3.4. Non-isothermal bubble growth
3.4.1 Motivation of the approach
The previous attempt to simulate the problem was based on a spherically 
symmetric (1-D) model of a bubble growing at a constant temperature equal to the
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steady state thermistor temperature and a far field temperature equal to the initial 
bulk liquid temperature. The problem was solved using a well known similarity 
transformation (Cable and Frade 1987, Lastochkin and Favelukis 1998) and has led 
to a power law relation between bubble radius and time with an exponent value equal 
to 0.5. However, as will be shown in the following Chapters, the corresponding 
experimental curves are best-fitted by lower (than 0.5) exponent values. According to 
the model, this means that the bubble temperature should be decreasing with time. 
Part of this temperature decrease may be attributed to the measured small 
temperature decrease of the heater itself during bubble growth, which however is not 
large enough to match up with the predicted low bubble temperature. Another weak 
point of the above 1-D view of the process is that the computed power needed to 
sustain the bubble growth in the cold fluid (mainly to compensate conductive losses 
from the bubble’s surface) was larger than the actual power delivered by the 
thermistor.
A detailed mathematical description of the process includes the solution of 
transient heat and mass transfer equations in the gas and liquid phases along with 
the appropriate boundary conditions on the surface of the bubble and the thermistor. 
These equations are of the convection-diffusion type where the flow field responsible 
for the convection terms is generated from the expanding bubble. Evidently, the 
problem includes a moving boundary with the motion being part of the solution. In 
addition, the temperature gradient along the surface of the bubble induces a 
Marangoni motion which transfers hot fluid from the thermistor to the remote parts of 
the bubble surface, tending to equilibrate bubble and thermistor temperatures. 
Although the complete problem can be easily formulated, its solution is not possible 
with the present day computer resources. Problems like the inherent three 
dimensionality, the moving gas-liquid interface and the inclusion of Marangoni effects 
can, in principle, be handled using advanced CFD codes employing the so-called 
Volume of Fluid (VOF) technique to track the interface evolution. Yet, the stiffness of 
the problem is so large (initial explosive bubble growth, extremely large Marangoni 
number) that precludes the possibility of numerical solution under the specific 
experimental conditions.
Keeping in mind that the local driving force for bubble growth is the difference 
between the dissolved gas concentration and the equilibrium concentration 
(solubility) at the local temperature, one can go a step further. The problem can be 
approximated again by a 1-D model under the assumption, though, that the bubble 
grows at a uniform but time dependent temperature. This temperature is the 
instantaneous average temperature across the whole bubble. It must be noted that
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the volumetric and surface average temperatures of the bubble coincide, since the 
intra-bubble temperature field is dictated by heat conduction (Laplace) equation.
Evidently, the evolution of the instantaneous average bubble temperature is not 
known (its computation requires knowledge of the complete flow field), but based on 
the simplified 1-D model, an inverse problem can be formulated. This calls for 
estimating the average bubble temperature evolution curve, Tb(t), which corresponds 
to an observed bubble growth curve. Comparing the estimated average bubble 
temperature evolution with the measured temperature of the heating thermistor 
reveals important information for the phenomena dictating bubble growth.
3.4.2 Formulation of the 1-D simplified problem
We consider a bubble of known temperature evolution, Tb(t), growing in a liquid 
saturated with dissolved gas at a far field constant temperature T0. Due to the 
relatively slow bubble growth (growth rates smaller than Imm/s) the Rayleigh Plesset 
equation degenerates to the expression
Pv+Pg=P„ (33)
where POT is the ambient pressure and Pv, Pg the partial pressure of vapour and gas in 
the bubble, respectively. The dissolved gas concentration field is given from the 
solution of the following transient convection-diffusion equation:
dC
dt
= D(d2C 2 dC----T~ ^---------dr r dr
• R2 dC e 0
- R —------ for R<r<oo
r2 dr
(34)
where C is the concentration of C02 and D is the diffusivity of C02 in the liquid.
As shown in Figure 3.5, it is very important to take into account the temperature 
dependence of diffusivity since it is very large (more than 250% increase of diffusivity 
between 40 °C and 90 °C for the system C02/water). Similarly, a significant variation 
with temperature exists for the solubility of C02 in liquids.
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Figure 3.5 Diffusivity and solubility data for the systems C02/water and C02/n-heptane
Accordingly, Figure 3.6 presents vapor pressure versus temperature data for 
water and n-heptane.
i,V
0 20 40 60 80 100
VC
Figure 3.6 Vapor pressure versus temperature data for water and n-heptane
For a negligible mass fraction of the solute gas in the liquid phase (Patel, (1980)) 




where pg is the molar density of C02 in the gas phase.
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where Rg is the universal gas law constant.
(36)
The boundary condition for the concentration on the moving boundary r=R(t) is
C(R,t) = C,„(TB) (37)
where Csat(T) is the solubility of the gas in the liquid at temperature T and pressure 
PM (total pressure) or equivalently, at partial pressure of gas Pg (Fogg and Gerrard 
1991). Finally, the temperature dependence of the solvent vapor pressure is needed 
to close the problem
P=PJTB) (38)
The initial and the far field boundary condition for the concentration are
C(r,0)=C(oo,t)=C0=Csa,(T0) (39)
and it is assumed that the bubble grows from a zero initial size (i.e. R(0)=0).
In addition to the above, the temperature profile in the liquid is needed for the 
computation of D(T) in equation (34). In principle, this profile should be found from 
the solution of an energy equation similar to (34), but for the growth time-scale under 
consideration conduction dominates the heat transfer process and the following 
quasi-steady temperature profile can be assumed:




Such a simplification is not generally valid for the concentration equation since 
the diffusivity, D, is much smaller than the thermal diffusivity of water.
3.4.3 Approximate solution of the problem
The above problem includes a transient convection-diffusion equation in semi­
infinite domain with a moving boundary so its numerical solution is by far non-trivial. 
Special techniques based on moving (Lagrangian) grids with careful discretization
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have been developed in the literature for the particular problem of bubble growth 
(Arefmanesh et al 1992); The use of the complete numerical solution of the direct 
problem makes the inverse problem quite difficult since repeated solutions of the 
direct problem are needed to determine the required temperature evolution (still 
without any guarantee for convergence). Here an approximate solution of the direct 
problem is derived which makes the inverse problem straightforward.
The main dimensionless parameter of the bubble growth problem is the so-called 
Foaming number which for the present case is time dependent (through the time 




This number denotes the ratio of the relative contributions of convection over 
diffusion phenomena. Diffusivity does not appear explicitly in the equation since 
convection is also proportional to diffusivity so it is eliminated and only driving forces 
eventually show up in the ratio.
Assuming that the gas molar density pg can be moved out from the parenthesis in 
equation (35) (which is a very good approximation since for the temperature range of 
interest the change of pg is very small compared with R3) an approximate solution 
exists for the problem in the limits Fm(t)«1 and Fm(t)»1.
Case Fm«1
In this case the concentration field can be considered quasi steady (similarly to 
the temperature flow field) and the bubble growth rate can be found as
dR
dt





In this case, the thickness of the concentration boundary layer is very small in 
comparison to the bubble radius, so the bubble curvature can be ignored. Plesset 
and Zwick (1954) solved analytically the problem for constant Fm in this limit and 
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An integral solution method using polynomial trial functions has been proposed 
for the limit Fm»1 by Rosner and Epstein (1972) and has been used widely by 
several authors (Yoo and Han 1982, Arefmanesh et al, 1992). This method can be 
applied to time dependent Fm (present case) and gives
where the coefficient z takes the value 3 and 3.333 for polynomials of second and 
third order, respectively. It is noted that equations (43) and (44) are of similar form 
and differ in just a numerical constant. In order to be compatible with the exact 
solution in the case of constant bubble temperature we assume henceforth that 
z=6/tt.
It should be noticed here, that, for Fm«1 the concentration and temperature 
fields are of the same extent, so the diffusivity appearing in equation (42) is 
computed at the average field temperature. On the contrary, for Fm»1 the 
concentration field is much thinner than the temperature field and the diffusivity in 
equation (44) is computed at the bubble temperature.
To take a composite relation for the bubble growth rate valid for all values of Fm, 
the two asymptotic rates are combined using a generalized interpolation scheme
The solution of the above equation for a zero initial bubble size is given simply as
The exponent f is chosen based on the requirement for closest approach 
between the approximate and exact solutions in the case of constant temperature Tb 






where β is given from cp(3)=Fm with
(47)
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φ(ζ) = 2z2 Jexp[-z2 ((1 - y)'2 - 2y - l)]dy (48)
o
It is found that the exponent f=0.8 yields a close proximity between the exact and 
approximate values of β especially for 0.1<Fm<10 which is the region of main 
practical interest. The comparison between exact and approximate values of 4β2 for 
f=0.8 is shown in Figure 3.7.
3.4.4 Solution of the inverse problem
The above approximate solution of the bubble growth problem can be trivially 
inverted to give the bubble temperature evolution corresponding to an experimentally





computed from the experimental curves and the corresponding values of the bubble 
temperature Tb is found by solving (using the Newton-Raphson method) the following 
non-linear algebraic equation:








are computed by fitting low order polynomials to
exp
the R2 curves and differentiating analytically. This procedure is crucial to get rid of the 
high frequency noise in the measurements.
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4. EXPERIMENTAL SET- UP AND PROCEDURES
4.1. Description of the experimental set-up
The construction of the experimental apparatus was carried out in the Van der 
Waals-Zeeman laboratory of the University of Amsterdam in the Netherlands, as this 
laboratory has an extensive experience in the construction of experimental set-ups 
that are used in microgravity conditions. The improvements in the apparatus, the 
calibration procedures and the ground experiments were carried out in the laboratory 
of inorganic chemistry and technology of the Aristotle University of Thessaloniki in 
Greece.
4.1.1. Overview of the experimental set-up
The major components, shown in Figure 4.1, are outlined below and described in 
detail in the subsequent sections:
1) The exchangeable sample cell units (xSCU)
2) The thermal systems which include the thermostat unit (THU), the heat 
exchanger (Hex) and the sample cell storage cabinet (SCSC)
3) The optical systems which are used for image recording and bubble lighting
4) The electrical systems including the power supplies and the Integrated 
Harrison Machine (IHM)
5) The thermal data acquisition system and
6) The framework of the set-up, responsible for housing all the components in a
Figure 4.1 Framework overview, (a) Front view, (b) Rear view. THU: THermal Unit, Hex: 
Heat exchanger, IHM: Integrated Harrison Machine.
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The requirements and restrictions for building the optical, as well as the thermal 
systems, are presented at the Tables 4.1, 4.2, and 4.3, respectively.
Table 4.1 Requirements for the optical system
Requirement Point spherical heater Plate heater
Resolution, pm -5 ~30
Sampling frequency, fps 25 25
Opening angle As wide as possible
Total length optical path <60 cm (in order to fit inside the experimental container
Camera Digital camcorder
i
Table 4.2 Requirements for the thermostat unit (THU)
Requirement Value
Stability Better than 100 mK/h
Gradients Small but measurable
Optical interfaces Free access to measuring sites
Miscellaneous Exchangeable sample cell
Table 4.3 Requirements for the heaters
Requirement Point spherical heater Plate heater
Size Rnominal~ 0.125 mm Area-20 mm2
Heat flux, kW/rn^ -200 -200
Total power, mW -25 -4000
Distance from walls, mm -5 -5
4.1.2. Exchangeable sample cell units (xSCU)
A sample cell unit, shown in Figure 4.2, is essentially a sealed tube the lower part 
of which is made of special spectrometer glass cuvette with an internal diameter of 
1.5 cm. The cells are specially designed to maintain their measuring chamber (glass 
cuvette) completely full with liquid in all times so as to prevent free float of the liquid 
in microgravity.
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Side view (90°) Front view (0°)
1: glass cuvette
2: elastic membrane
3a,b: filling & emptying ports
4: location of spherical heater
5: location of plate heater
Figure 4.2 Two views of the Exchangeable Cell Unit
The liquid volume in the cell is approx. 22 cm3. The pressure inside the cells is 
kept at ambient values by means of an elastic membrane sealing a port of the cell. 
Two types of heaters are accommodated inside the test cells, placed apart by 5.5 cm 
in the longitudinal direction: a small roughly spherical heater and a larger flat plate 
heater.
A small axisymmetrical NTC thermistor (Thermometries, Inc., B10KA103K, glass 
coated bead thermistor, rth=0.125 mm, nominal) serves as a roughly spherical point 
heater. Technical characteristics of this heater are given in Table 4.4. The 
connection wires of the heater are coated with an insulating paint in order to prevent 
an electrolytic reaction, when the liquid comes into contact with the wires. For a NTC 
type thermistor, the resistance decreases with increasing temperature. So, when
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applying a voltage differential across its ends, its resistance drops, whereas the 
pass- through current increases. To prevent the burn out of the heater, two ordinary 
resistors are used in series with it. This prevents the burn out of the heater and keeps 
the power delivered to it relatively constant. More on this can be found on Section
4.3.2.
Table 4.4 Technical characteristics of the spherical heater (Thermometries, Inc.,
B10KA103K)
Characteristics of roughly spherical heater Value
Spherical heater nominal Radius, pm 125.0
Spherical heater maximum length,pm 510.0
Lead wire radius, pm 15.0
Lead material Platinum Alloy
Nominal resistance at 25°C, kQ 10
1
Tolerance at 25 °C, % 10
Maximum operating temperature,°C 300
Thermal time constant, plunge into water, msec 10
The second heater that is built inside the sample cell unit, is a flat platinum 
resistance layer (3x7 mm, approx. 1 mm thick) deposited on a special non­
conducting support to serve as a flat surface heater (Figures 4.3a and 4.3b).
Figure 4.3 (a) The plate heater (b) Detail of the surface
Since the resistance of the platinum resistor increases with increasing 
temperature, there is no risk of overheating the platinum heater. Therefore there is no 
other resistor in series. The technical characteristics of the plate heater are shown in
Table 4.5.
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Table 4.5 Technical characteristics of the plate heater
Characteristics of plate heater thermistor Value
Nominal resistance, Ω 100
Size, W x L , mm 3x7
Material Glass coated platinum layer resistor
Viewing direction Along the long side (7 mm)
A picture of the metallic arm holding the two heaters inside the cell unit is shown
in Figure 4.4.
Figure 4.4 Picture of the metallic arm holding the two heaters
The lower part of the metallic arm accommodates in fact two similar miniature 
thermistors. One serves as the point spherical heater (heating thermistor), whereas 
the other (measuring thermistor) is employed to measure the temperature of the 
liquid not far from the heater (2.5 mm), as shown in Figure 4.5. Before and after the 
heating pulses the heating thermistor also serves as a thermometer providing the 




Figure 4.5 Detail of the heating and measuring thermistor locations
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 4: Experimental set-up and Procedures 48
in order to obtain an accurate relationship between the resistance and the 
temperature, each heater resistance is calibrated separately, using a water bath, 
(Fisher Scientific, ISOTEMP 3013), (more in Section 4.3.2).
The size of the roughly spherical heater is used as a reference length to 
transform pixels to micrometers in the bubble growth experiments (more in Section 
4.3.1). In order to obtain accurate values of their dimensions, the size of each 
spherical heater is calibrated against two different size wires of known diameters. A 
small wire (d=176 pm) and a larger one (d=1105 pm), (both wire dimension are 
measured down to ±1 pm, by a digital micrometer (Sylvac). These are inserted into a 
cell and placed at various distances (100-2000 pm) from the heater. In fact, the small 
wire with a diameter similar to the heaters will be enough to calibrate distances. 
However, there is a question whether the optics of the apparatus can distort the 
measured bubble size from its actual value as the bubble grows larger and larger and 
extends much beyond the surface of the length-calibrated spherical heater. The 
diameter of the second (thick) wire was selected on the basis that bubbles around 
1mm are typical in this study. These tests showed that the optics of the apparatus do 
not distort sizes even at 2000 pm from the spherical heater.
The calibrated radius of the various spherical heaters used in the experiments, 
are presented in Table 4.6. It is important to keep in mind that the spherical heater is 
not perfectly spherical but axisymmetric with an ellipsoid shape. However, the 
ellipsoid is rather short and the viewing angle of the camera allows a nearly spherical 
projection of the thermistor. So, it must be noted that the calibrated radius refers to 
the radius of the spherical heater as it is projected on the 2D viewing area of the 
recording camera.
Table 4.6 Radius for each sample cell unit used after calibration







We have initially built 10 exchangeable sample cell units that is why their 
numbers are from 1 to 10. However, only some of them were used in the 
experiments (the others were used as back-up cell units).
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4.1.3. Thermal Systems
The thermal regulation system keeps the samples at a specific temperature and 
also delivers power to the heaters. The thermal performance of the equipment is 
supervised by custom made software (“Snoopy", Sneep 1997). This code controls 
the duration and magnitude of heat pulses but also records a number of 
temperatures in the thermostat walls (in addition to those in the bulk liquid) necessary 
to operate the thermal regulation system. A detailed description of each individual 
system is presented below.
4.1.3.1. The Thermostat
The core of the equipment is a thermostat unit (THU), shown in Figure 4.6, with 
an external diameter of 145 mm and height of 246 mm, into which only one 
exchangeable sample cell unit (SCU) is inserted every time. It is a CPF-2 type which 
is an improvement of the CPF-1 type, originally designed and built for the ESA 
Critical Point Facility that flew on board two space shuttle missions (IML-1 1992, IML- 
2 1994). The thermostat operates under the gradient reduction principle and is 
capable of temperature ramps of 0.02-500 μΚ/s at spatial gradients of <10 μΚ/mm.
Figure 4.6 The thermostat unit without an exchangeable SCU
The performance characteristics of the CPF-2 type thermostat are shown in 
Table 4.7. The low thermal resistivity of the structure and the use of Peltier elements 
enable fast changes of the temperature set point of the thermostat and thus 
substantially reduce the time for thermal adjustments.
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In the center of the THU an exchangeable sample cell unit (xSCU) is placed. In 
order to exchange a full-size sample cell unit (fSCU) in the original CPF-2 thermostat 
design, the thermostat has to be opened which requires a skilled craftsman to do 
this, and even then, it takes at least an hour to open the thermostat, replace the SCU 
and close the cell once more. After this the thermostat has to reach equilibrium 
again, which takes another half hour.
For the needs of this study, the fSCU has to be made accessible from the outside 
during the flight. For this, a small opening is made to the larger fixed sample cell unit 
of the original thermostat, through which a SCU can be fitted inside. This larger part, 
distinguished as fSCU (No2, in Figure 4.7) is needed to support the insert. Peltier 
elements are placed in the top -and also in the bottom- of the thermostat.
The THU, modified to house the present sample cell units (SCU), can provide 
precise temperature stability of all items in the order of ±0.05 °C. The reduced 
stability compared to the original CPF-2 design is due to the glass cuvette of the SCU 
which is employed to allow optical observations of the test liquid but reduces the heat 
exchange capacity with the thermostat main body. However, the achieved stability, 
+0.05 °C, is more than enough for the experiments of this study.
Table 4.7 Performance characteristics of CPF-2 type thermostat
Property Value
Operating range 20-70 °C
Resolution 1 μΚ
Fast temperature setup Max ±100 μΚ, 20 μΚ/s
Temperature ramp ±0.02-500 μΚ/s
Thermal noise level 20 μΚρρ
Gradient over SCU <1 μΚ/mm
Mechanical accuracy over stacked parts 
from bottom
50 μιτ)
In addition to providing thermal control, the THU also supports optical and 
electrical interfaces, to enable stimuli and diagnostics to interact with the test fluid 
inside the xSCU.
The detailed drawings of the fixed SCU and the inserts can be found in Sneep 
(1997).
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1. Thermostat (THU)
2. Fixed sample cell unit (fSCU)
3. Exchangeable sample cell unit (xSCU)
3.1 Position of Spherical heater
3.2 Position of Plate heater
4. LED’s
5. Optical path of Spherical heater
6. Laser light path j ,! {!
7. Optical path of plate heater
Figure 4.7 Engineering drawing of the thermostat unit with an exchangeable sample
cell unit (xSCU)
4.1.3.2. The Heat Exchanger
For correct operation at low temperatures -below 30 °C- and more accurate 
regulation at higher temperatures, the thermostat is placed on a temperature 
controlled plate, the coldplate or heat-exchanger (Hex). The coldplate has Peltier 
elements to transport heat at a controlled rate, to and from the thermostat. As the 
only available opening to provide an optical path for the spherical heater experiment 
is at the bottom of the thermostat, a modification has to be made to the original CPF- 
2 thermostat. The use of an aluminium block between the thermostat and the 
coldplate provides adequate thermal contact and also allows putting a mirror 
between them for visual observation of the spherical heater, as shown in Figure 4.8.
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Figure 4.8 Schematic overview of the thermostat
The aluminium block has a finite heat capacity, which slows down the transient 
operation of the thermostat but this is not crucial if the working temperature of the 
thermostat is constant.
4.1.3.3. Sample cells storage cabinet (SCSC, Thermal regulated temporary 
storage)
The exchangeable sample cell units, (xSCU’s), need to be stored during the flight 
in a temperature controlled environment. This temperature controlled cabinet is 
essentially a foam block (Figure 4.9), with holes where the xSCU’s fit tightly inside. 
An electrical heater - a few high power resistors - is placed at the bottom of the box, 
together with some metal sheet to distribute the heat. A thermometer checks the 
temperature and controls the heaters.
Figure 4.9 Top view detail of the sample cell storage cabinet
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4.1.4. Optical Systems
4.1.4.1. Image recording
Two colour digital video cameras are employed to record bubbles growing at the 
surface of the heaters. For the spherical heater, the camera is a Sony DCR-VX1000 
(CCD), where as for the plate heater a Canon MV-530i digital video camera is used. 
These cameras are adequate for the experiment requirements and have the following 
specifications: Ikxlk pixels, 24-bit resolution RGB and acquisition rate of 25 frames 
per second (fps). The video frames are stored in exchangeable videotapes.
4.1.4.2. Lighting of Bubbles
The illumination of the bubbles growing on the roughly spherical heater is 
provided by RGB light emitting diodes (LEDs) mounted around the THU wall, as 
shown in Figures 4.7, 4.8 and in more detail in Figure 4.10. These lights are fired 
sequentially, one color at a time, at 50 ps time intervals. For the plate heater the 
illumination of the whole area of the heater is achieved by global illumination from 
above with a monochromatic source. The illumination scheme incorporates a 5 mW 
He-Ne laser operating at 633 nm, the output beam of which is shaped by a suitable 
optical system consisting of slit masks, beam expanders, convergent and cylindrical 
lenses, etc. This laser light is also used in the roughly spherical heater experiments 
as background illumination to create strong contrast between the bubble and its 
surroundings thus increasing the accuracy of bubble size measurement.
Both heaters are lit from a direction perpendicular to the viewing axis. The 
necessary light intensity depends on the amount of light scattered by the growing 
bubbles as well as on the sensitivity of the camera.
Top view
Figure 4.10 Lighting of the spherical heater by LEDs
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The optical system is adapted to provide the appropriate magnification, required 
to enable accurate quantitative information on the growth of bubbles with diameters 
in the order of 100 - 2000 pm. All optical calculations including reflection and 
refraction angles, performance limitations, spherical aberration and reduction of it, 
chromatic aberration and focal length calculations are found in Sneep (1997).
4.1.5. Electrical Systems
The electrical system is the same as the one used by Sneep (1997) where all 
technical details can be found together with the technical specifications of each 
system. Here only some essential information that was required in order to get the 
approval by ESA to fly the apparatus is presented.
The total electrical consumption at 220 V AC/50 Hz, has an average value of 
110 VA with a peak of <150 VA. All electrical circuits are connected to a single 
emergency switch-off button (5 cm red pushbutton on yellow box) and a ground fault 
interrupter (SEMKO), installed in a such way so as to be easily accessible by safety 
team, disconnecting the apparatus from the 220 V power supply of the aircraft 
electrical panel. In addition, electrical circuits are protected by three (3) fast fuses, 
adjusted to the experiment electrical consumption. Their values are: FI=1.6 A, 
F2=1.25 A and F3=0.4 A, giving a total value of F,0tai=3.25 A.
4.1.6. Thermal data acquisition system
The thermal behavior of the heaters is registered by recording the voltage drop 
across them during the heating periods. Such data are obtained by a dedicated data 
acquisition system.
The data acquisition system consists of a portable computer (ACER Pentium III 
65 MB) and a National Instrument’s® data acquisition card (DAQ Card-1200). The 
connection is made through a PCMCIA socket and an I/O cable. The software 
interface used to set the parameters, store and visualize the data during the flight is 
written in LabView®. The data acquisition rate is 10 Hz, a frequency high enough to 
accurately register the voltage drop across the heaters during a heat pulse.
The portable computer together with a small TV screen are used to view the 
experiment process, in real time.
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 4: Experimental set-up and Procedures 55
4.1.7 Mechanical framework
The design and specifications of the apparatus mechanical framework have to 
meet the main technical requirements for installment inside the Airbus A-300 cabin 
(Manual of the A-300 Zero-G Aircraft) as presented below.
1) A 20 x 5 x 2.3 cubic meter (L x W x H) equipment test area.
2) All equipments must be loaded through a normal passenger door of 1.93 meters x 
1.07 meters).
3) Electrical power: 220 VAC at 50 Hz (single phase); 28 VDC; and 115-200 VAC at 
400 Hz (three phase).
4) Protective white foam padding covering internal surfaces to prevent injury to flight 
personnel.
The different systems (presented above) are contained within the same frame, 
see Figure 4.11, constructed from interconnected stainless steel tubes and anodized 
aluminium mounting plate with four (4) holes for the instrument to be bolted onto the 
aircraft floor.
Figure 4.11 The experimental apparatus
The whole construction is designed to withstand the safety structural loads. 
Protective perspex plating is used to close the instrument and edges are covered 
with foam. The dimensions of the container are LI (w/plate) 92.0 cm X L2 (w/plate) 
60.0 cm X Hmax 59.0 cm and the total weight is 85.1 Kg. The detailed weights, 
dimensions and calculations of the height of the center of gravity as well as the 
mechanical strength of structures are presented in Appendix (A1).
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4.1.8.Hardware of ground experiments
The additional items and components that are used for the ground experiments 
are presented in this chapter. Also the systems used supplementary to the 
experimental apparatus described above are presented.
In addition to the heaters mounted inside the xSCUs, two flat disc heaters, shown 
in Figure 4.12, with different surface morphologies are used in the ground 
experiments. One has concentric circular grooves in a regular annular pattern, 
Figure 4.13, whereas the other has straight micro scratches of random orientation. 
The dimension of the grooved circular heater is D=119 mm and that with the 
microscatches on it, is D=132 mm. Both heaters are made of stainless steel. Images 
of bubbles growing and moving on their surface, are recorded by a high speed digital 
video camera (Motion Scope PCI 8000S, Redlake® Inc) with a frame rate of 250 
frames/second. Illumination is achieved by diffusive white light produced by two (2) 
500 W lamps.
(a) (b)
Figure 4.12 Geometry of the disc heaters: (a) Circular grooves, (b) micro-scratches
Figure 4.13 Geometry of the circular grooves
4.1.9. Saturation set-up
The xSCUs are filled with liquid that has been saturated with dissolved C02 just 
before the flight. Saturation is conducted with the aid of a custom made set-up, 
where intense bubbling is created for a bit less than an hour.
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The saturation set-up consists of two (2) different size cylindrical vessels, two (2) 
300 Watt resistances that keep the liquid in the vessels at the desired (saturation) 
temperature (32 °C in all runs of this study) and two (2) custom made thermal 
controllers used to maintain this temperature with a variation of 0.1 °C. The set-up is 
shown in Figure 4.14.
Figure 4.14 Saturation equipment
The dimensions of the two cylindrical vessels are: D1=12 cm, H1=23.5 cm, 
D2=19 cm and H2=34 cm. The working liquid volume inside these vessels is selected 
to maintain stable bubbling conditions with reasonable contact time between rising 
bubbles and liquid. Each cylindrical vessel is made of glass, with teflon bottom and 
cover. A round, porous, glass, sparger with pores between 40 pm and 100 pm and 
diameter of 6 cm is installed some centimeters above the bottom of the vessel. 
Through the sparger, C02 is led and spreads uniformly in the form of bubble cloud in 
the volume of the liquid. At the top of the vessel a manometer is installed, that shows 
the pressure inside the vessel and a valve from where the excess gas can escape 
(gas exit). The vessel is connected to a pressurized metallic bottle of C02 gas. The 
gas supply is measured with a Gasmet gas flow meter.
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The saturation set-up is equipped with a special manifold which allows the initial 
flashing of the xSCUs with C02 being followed by filling with saturated (bubble-free) 
liquid exiting from the bottom of the cylindrical vessel.
4.2. Experimental procedure
4.2.1. Test liquids
The test liquids examined are: de-ionized water, a mixture of glycerin-de-ionized 
water 42-58% w/w (>99.5% Glycerol, BDH Laboratories supplies), Phosphate 
Buffered Saline solution (PBS) at 7.2 pH (Invitrogen Corporation) and n-heptane 
with a 99.0% purity (Panreac Quimica).
The gas to saturate all is C02 with a purity of 99.99% (Air metal).
The physical and transport properties of each liquid are presented in Chapter 5.
4.2.2. Saturation of test liquids by gas dissolution
The kinetics of dissolution of C02 in water is examined in order to find the time 
needed for saturation to occur. This time had to be determined for the specific 
saturation set-up used in the parabolic flights, with the specific volumetric gas supply 
and liquid volume in the vessel.
The analytical method used for the determination of the dissolved C02 is the 
titration of the C02-H20 solution, with HCI 0.01 N solution. Samples of the test liquid 
are taken at regular time intervals during the dissolution reaction until the solution is 
saturated with C02.
The accuracy of the analytical method is examined by comparing the saturation 
experimental results with those found in the literature.
At the beginning of the dissolution experiment, the apparatus is washed and filled 
with deionised water. The vessel is filled at the desired level and a sample is taken 
as a baseline reference measurement. This value is used to determine the initial 
concentration of the carbonic ions.
Samples are taken with a 10 ml syringe which contains 1 ml of NaOH 1 N in order 
to engage the carbonate (C03'2) and bicarbonate (HC03') ions that exist in the liquid. 
By this action, the C02 desorption to the gas phase, due to the under-pressure in the 
syringe, is avoided. In the syringe, NaOH, which is a strong base reacts with the 
solution’s C03'2 and HC03' and forms Na2C03 and NaHC03. The sample volume is 
approximately 10 ml and is added in a pre-weighted, airtight closed bottle. During the 
dissolution experiment 15 samples are taken at regular intervals until the completion 
of the saturation experiment.
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For the determination of C02 that is dissolved in this particular water volume (10 
ml), two titrations are conducted, in the first one, the excess of NaOH that exists in 
the sample is neutralized with HCI 0.01 N solution and phenolophthalein (indicator). 
The second titration is done with the same acid and methyl red (indicator) for the 
determination of the bicarbonate ions that exist in the sample, (Bontozoglou et al).
4.2.3. Parabolic flight campaigns
The experiments were performed during the 35th (October 2003) and 38th 
(October 2004) ESA’s Parabolic Flight Campaigns. Also (re-processed) results from 
the 26th Parabolic Flight Campaign that was the predecessor of the two lately 
campaigns and are presented for completion reasons. The campaigns were 
conducted at the Bordeaux-Merignac airport in France. The French company 
Novespace is contracted by ESA to provide the campaigns’ logistics and supervision 
of the experiments technical preparation. The Centre d’Essais en Vol (CEV- French 
Test Flight Center) provided all the in-flight support and flight personnel. The aircraft 
technical support is provided by Sogerma, a Bordeaux-based airplane maintenance 
and services company.
A typical ESA campaign is normally scheduled for a period of two weeks, with the 
first week dedicated to experiment receipt, followed by installation and test within the 
aircraft. The second week is assigned to the parabolic flights themselves. At the start 
of the second week (on a Monday), attendance at a medical and safety briefing is 
mandatory by all persons planning to fly.
During a flight campaign, which normally consists of three individual flights, 31 
parabolas are flown on each flight, i.e. 93 parabolas in total. A typical parabolic 
profile is shown in Figure 4.15.
PARABOLA PARAMETERS
00:00 00.29 0049 01:16
Figure 4.15 Parabolic profile
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On each parabola the aircraft, an AIRBUS A300, from a steady horizontal flight, 
gradually pulls up its nose and starts climbing at an angle of approximately 45 
degrees. This "pre-injection" phase lasts for about 20 s, during which the aircraft 
experiences an acceleration of around 1.8 times the gravity level at the surface of the 
Earth. The engine thrust is then reduced to the minimum required to compensate for 
air-drag, and the aircraft then “injects” into a free-fall ballistic trajectory, i.e. a 
parabola, lasting approximately 20 s, during which weightlessness is achieved. At the 
end of this period, the aircraft pulls out of the parabolic arc, a maneuver which gives 
rise to another 20 s period of 1.8 g on the aircraft, after which it returns to normal 
level flight altitude. These maneuvers are flown repeatedly, with a period of 3 min 
between the start of two consecutive parabolas, i.e. a 1 min parabolic phase (20 s at 
1.8g + 20 s of weightlessness + 20 s at 1.8g), followed by a 2 min "rest" period at 1g. 
Throughout the flight, all personnel are kept continuously informed of the campaign 
status, i.e. indication of how many seconds to the next parabola, number of minutes 
of rest period, etc. Figure 4.16 shows the typical parabola sequence during a flight 
day.
PARABOLAS SEQUENCE
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T=00 03 06 09 12 15 +^’ 20 23 26 29 32
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T = 38 41 44 47 50 +8’ 59 62 65 68 71 + 5’
H5il n^l r«a| 03mu 103 03 03 03 03 
A A AAA _ A-A AAA
T= 77 80 83 86 89 + 94 97 100 103 107
time
(minutes)
Figure 4.16 Parabolas sequence
During each parabola a new experimental run is conducted. On the whole, the 
two PF campaigns, 57 runs have been successfully performed with the roughly 
spherical heater producing single bubbles (including the repeatability runs). Several 
other runs involve no bubbles (blank heat transfer experiments) or multiple bubbles 
growing on different heater morphologies.
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4.2.3.1. Pre-flight procedures
The saturation of the test liquids with C02 is conducted on the ground just before 
the flight. The time required to do the saturation and fill the cells is approximately 1 hr 
30 min, so everything must be planned carefully. The saturation is realized by 
bubbling the liquids with the gas at 32 °C for about 40 min, which was found to be 
adequate time for saturation. Next, the sample cell units are purged with C02 and 
then they are filled with saturated liquids. Six exchangeable sample cell units filled 
with two different liquids (3+3) are used every day of the campaign. However, all of 
them (10) are filled with liquids that are taken aboard as back-ups. This is a 
necessary precaution in case some cells break or the heaters or optical parts crack 
or disconnect due to the intense vibration during taking off. The design of the 
apparatus is such that allows the on-board team to exchange the cells easily in a 
matter of seconds (see Section 4.1.3.2). This is very important because it takes some 
time for every new cell to reach initial thermal equilibration.
A thermally regulated storage cabinet (SCSC), part of the flight apparatus, is 
used to maintain the test cells hermetically closed at a temperature 2 °C below the 
saturation temperature (see Section 4.1.3.4).
4.2.3.2. In-flight procedures
Two types of experiments are examined here. The first one refers to single 
bubbles growing at the bare tip of a small roughly spherical heater by employing 
continuous heat pulses of variable power. A brief outline of the experimental scenario 
is as follows. An exchangeable test cell is inserted in the thermostat and is left to 
equilibrate at a temperature a few tenths of a degree below the liquid’s saturation 
temperature. Then the temperature of the liquid is raised locally by energizing the 
heater at a preset power level and for a 10 s duration (otherwise noted). This is done 
about 7 s (otherwise noted) after the onset of the low gravity phase during a parabola 
to ensure that the experiment would indeed start at good low gravity conditions. A 
short time delay is necessary to create local superheat and therefore cause 
nucleation whereafter a bubble forms and grows on the spherical heater’s surface. 
After five consecutive parabolas the test cell is exchanged with a new one. For 
continuous heat pulses at elevated power (the exact power values depend on the 
liquid) multiple bubble growth is observed where two or more bubbles grow 
simultaneously at the surface of the spherical heater. In some cases, e.g. in n- 
heptane, these bubbles grow fast and depart from the spherical heater so soon that
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several bubbles generations have time to appear within the low gravity period of a 
parabola.
In the second type of experiments refers to intermittent growth of single bubbles 
at the small roughly spherical heater by applying two short heat pulses separated by 
a small inert time interval. The power levels of the two short pulses are equal to each 
other and in a range of values similar to the continuous pulses. As in the continuous 
single bubble growth experiments, about 7 s after the onset of the low gravity phase 
during a parabola, a short heat pulse (~1.5 - 2 s) is given such that to produce a 
bubble roughly at the size of the heater. This is followed by an approximately 5 s inert 
period and after that, a heat pulse of the same power is given for another 10 s.
The sequence of experimental steps after the airplane take off is as follows:
1) The ’’Snoopy” software is programmed to energize the THU in order to equilibrate 
the test cell at a pre-selected temperature, a few tenths of a degree below the 
saturation temperature
2) The software is programmed to give a heat pulse of certain magnitude and 
duration to one of the heaters
3) Seven (7) seconds after the injection into a parabola a heat pulse is given to the 
selected heater
4) Video frames and temperature readings are recorded during the heat pulse
5) Adjustment of software parameters to another heat pulse
6) After five consecutive parabolas, the test cell is exchanged with another one 
In Table 4.8, the duties of each onboard team member is presented.
Table 4.8 In flight duties of each team member
Person After take-off Before 1st parabola At each parabola Between 2 
parabolas
After the last 
parabola







parameters of 1st 
parabola to 
supervising software
Start the experiment. 
Check the progress of 














Adjust lenses and 
cameras (focus, 
zoom, aperture) for 
clear viewing of 1st 
test cell
Supervision of the 
cameras
performance. Check 















3 Switch on 
storage 
temperature 
controlled box & 
initialize data 
logger
Insert 1st cell into 
thermostat. Key-in the 
acquisition 
parameters to data 
logger. Check 
experimental protocol
Overview the data 
logger performance. 
Check the progress of 
the experiment on 
monitor
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A detailed description of the in flight team members duties are as follows; person 
1 is responsible for switching on and off the apparatus. He operates the supervising 
software for thermal regulation and operation of the apparatus by keying the 
necessary commands between parabolas. During parabolas he checks the progress 
of the experiment by looking at a monitor. Person 2 adjusts the cameras and optical 
diagnostics between parabolas and after the insertion of a new test cell (adjust 
magnification, focus, illumination, exchange videotapes after a number of parabolas 
etc.). During parabolas he checks the progress of the experiment by looking at a 
monitor. Person 3 handles the storage thermal regulated box and the exchange of 
test cells between parabolas. He has an overview of the performance of the 
apparatus and procedures, and also keeps the logbook of the flight. In addition, he is 
responsible for handling the data acquisition system. He is in charge to push the 
emergency switch-off button if needed.
Team members’ positions around the apparatus on the aircraft are presented in 
the Figure 4.17 below.












Figure 4.17 Team members positions around the apparatus, 1,2,3:team members
4.2.3.3. Ground experiments
The preparation for the ground experiments is the same as described in Section




The image analysis is used in order to find the bubble size and growth rate with 
respect to time from recorded digital images. This is accomplished by using a 
program written in Matlab®. The procedure used in order raw image data to become 
images ready to be inputted to Matlab® is described below.
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The raw images are saved on a digital video (DV) mini tape. In order for the data 
to be processed digitally, these tapes are transferred in a personal computer via a 
“FireWire" (IEEE-1394 protocol) made by Studio DV® of Pinnacle Systems. The 
capturing (as well as the editing) is done with the software Adobe Premiere 6.0 ®. 
The captured videos format is in avi, with a rate of 25 frames/s and a frame size of 
720x576 pixels. For every second of video captured, 3.7 MB of hard disk space is 
needed, approximately 160 GB of space is used for all runs. After transferring the 
images from the tapes to the computer, editing of the videos is necessary in order to 
isolate the part conducted during the low-g phase (actually each part corresponds to 
an experimental run). This part is taken from the time the pilot says “injection" until 
the time the pilot says “pull-out” (see Figure 4.15). Then each run is “cut” in frames 
and the clips are exported as a Windows bitmap sequence, thus enabling to have 
each frame in correct time sequence. The final frame format taken is in RGB, 
720x576 pixels, 24-bit, bmp.
Using the above procedure, the images are ready to be analyzed in order to 
measure the bubble size by using Matlab®. For this analysis, a code written in 
Matlab® is employed (Panoutsos, 2001, Appendix A3). Matlab® recognizes each 
frame as an mxn array, where m is the number of pixels in the horizontal direction 
and n the number of pixels in the vertical direction. In this way, a member of the array 
corresponds to each pixel of the image. This pixel value ranges between a certain 
illumination threshold level, which for a grayscale image is 0 (absolute black) and 255 
(absolute white) or for an RGB image is the value above or below the background 
intensity. The code is described below, and is validated by comparing the size of the 
bubble with that found manually using Adobe Photoshop 9® (this is done for 
approximately 3.000 frames) and found to have a very good agreement with what the 
Matlab® code gave. In Figure 4.18 the ideal situation of a bubble attached to the 
roughly spherical heater is presented.
Figure 4.18 Image of a bubble attached to the spherical heater
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The semi-transparent circle with the white border represents the bubble, while the 
smaller circle corresponds to the heater. The mesh, helps to understand how 
Matlab® recognizes the image array. The code begins by determining the standard 
prefix of the experiment file name. This is given by an input file (input.txt), in which a 
prefix is given. Next, the total number of images (i.e. 500) is given in order for the 
processing to begin.
In order to reduce the processing time and to minimize the possibility of obtaining 
wrong results a smaller section of the image is used. This section is seen as the blue 
dotted line in Figure 4.18. The coordinates of this secondary array (Xi, x2, y1t y2) are 
found with Adobe Photoshop 9® and are inputted to the Matlab® program.
Next, the program reads the first image from the sequence of images in a video 
clip and stores the array with its pixel values. This is done for the very first image of 
every sequence where only the roughly spherical heater is viewed which later will be 
removed from the other images in the sequences. This removal occurs only in the 
border of the secondary array (x·,, x2, y·,, y2) given before. The array resulting from the 
above operation is named as processed array. With this removal procedure the only 
object that remains in the image is the bubble, whose diameter is of interest.
After completing this action, the diameter of the bubble is found using the 
following procedure. Each image is scanned in the horizontal direction and the 
maximum pixel value of each column of the processed array is found. If this 
maximum is larger than the chosen threshold, the index is registered in a vector 
array. The pixels that represent the bubble border, but also the inside of it, are more 
luminous than the rest of the image, so the columns that contain even a pixel from 
the bubble are registered in the vector array. This procedure continues for all the 
columns of the process array and when it is finished, the diameter of the bubble 
equals to the difference of the smallest number of the index position of the column 
that is registered in the vector array, minus the largest number of the position index 
of the column. The threshold is selected with Photoshop 9® and is chosen such as to 
minimize the noise present in the image.
4.3.2. Data logger analysis
As mentioned in Section 4.1.2, the heater is an NTC type thermistor, thus the 
resistance is reduced with increasing temperature. This reduction may result to 
possible burn out of the spherical heater. In order to prevent the burn out, two (2) 
other thermistors are connected in series, as shown in Figure 4.19.
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(Value recorded by data aqulsition system)
Rs: value of the second resistance that is in series with the spherical heater
Vs: voltage drop of the second resistance that is in series with the spherical heater
Rdi: value of the first resistance that is in series with the spherical heater
Vdi: voltage drop of the first resistance that is in series with the spherical heater
Rtherm: value of the resistance used to determine the temperature of the spherical heater
Vtherm: value of the voltage drop across the spherical heater
Figure 4.19 Schematic electrical drawing of spherical heater circuit
The data acquisition system is used to record the voltage drop across the 
spherical heater during a heat pulse. This value in turn, is used to calculate the 
thermal power, Ptherm, that is delivered by the roughly spherical heater to the 
surrounding fluid.
The total voltage difference, V0, applied across the three in series resistances 
during the thermal heat pulse, is not equal to the nominal value of the voltage applied 
during the experiment through the control software Snoopy, named VDAC3. These 
nominal voltage values are assigned to the actual applied volts by connecting a 
digital voltmeter to the sockets (located at the top of the apparatus) at the positions 
VSShigh-GRD, just before giving a heat pulse. Indicative values are shown in Table 
4.9 below.
Table 4.9 Corresponding values of nominal power to volts
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The total voltage V0,applied equals to:
V0 = Vs + Vdl + Vtherm (1)
Where: Vs, is the voltage drop of the 2nd resistance that is in series with the spherical
heater.
Vdi, is the voltage drop measured by the data acquisition across the first in 
series resistance.
Vtherm, is the voltage drop across the spherical heater.
The value recorded by the data acquisition system, Vdi, is used to calculate the 
current I from Ohm’s equation:
Rdi
The values of the resistances that are in series with the spherical heater are 
known; thus the value of the voltage drop Vs, since the current is known, can be 
calculated from:
Vs = IRs (3)
The value of the voltage drop across the spherical heater, Vtherm, is then:
Vtherm — Vo Vs "Vdl (4)
Thus, the power, Ptherm, delivered by the spherical heater to the fluid during a heat 
pulse is equal to:
Ptherm — VthermI (5)
Knowing the value of Vtherm, the value of the spherical heater resistance can be 
calculated by:
Rtherm — "V therm (6)
Therefore, Rtherm is the value of the resistance used to determine the temperature 
of the heater. In order to do so, the resistance of the heating thermistors of all xSCUs 
is calibrated at several temperatures between 30 °C and 90 °C with the aid of a 
thermal regulated water bath. The regression polynomials of these calibrations are 
shown in Appendix A2. The overall error in them is better than ±0.5 °C.
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4.3.3. “Snoopy” software
“Snoopy” is a software code which is responsible for controlling the thermostat 
and driving the electrical systems which supply the heat pulses to the experimental 
cells in the apparatus. In addition, “Snoopy” records several temperatures and 
controls variables for the operation of the thermostat at 1 Hz rate. The units of the 
temperature are in K, unless otherwise noted. All the temperatures presented by 
“Snoopy” are expressed as differences from the set-up temperature. The set-up 
temperature, Tsetp, is shown as white line at the center of the scrolling screen, a 
snapshot of which is presented in Figure 4.20. The most important of these 
parameters are described below:
Figure 4.20 Snapshot of a typical "Snoopy" scrolling screen
1. USR1: Temperature of the spherical heater, when it is not used as a
heating device.
2. USR2: Temperature of the thermistor located 2.5 mm above the
spherical heater.
3. USR3\ Temperature of the thermistor located above the plate heater
(~5 mm).
4. Tsetp: Working temperature of the thermostat, °C. (This is set by the
operator).
5. SCUr. Thermostat’s control operation temperature measured in the
cell unit (SCU).
6. SPL: Thermostat’s control operation temperature measured in the
bottom plate of the thermostat.
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7. TPL: Thermostat’s control operation temperature measured in the
top plate of the thermostat.
8. OTSh: Thermostat’s control operation temperature measured in the
top plate of the outer thermal shield.
9. OTS/: Thermostat’s control operation temperature measured in the
bottom plate of the outer thermal shield.
10. SCUm : Monitoring temperature of the cell unit (SCU) operation.
11. TPE: Measurement of the axial temperature of the upper Peltier
elements.
12. BPE: Measurement of the axial temperature of the lower Peltier
elements.
13. Time'. The time equals to the number of seconds after midnight.
14. VDAC3: The nominal power of the heat pulse given to the spherical
heater, (in steps of 10 pV).
15. VDAC4: The nominal power of the heat pulse given to the plate heater,
(in steps of 20 μΑ).
16. Mode: There are two types of mode;
Mode $2004, (Coarse mode):This mode is used for quick heating and 
cooling of the thermostat. During this mode, the BPL thermistor is the main 
operational control sensor of the thermostat, and the thermistor’s TPE and BPE 
are used to monitor the various differences in temperature between the SCU unit 
and TPL and BPL in order to enhance reducing these temperature differences.
Mode $2005, (Fine mode): This mode is used for constant use of the 
thermostat and precise control of the temperature in the cell unit and its 
gradients. The SCUr thermistor is the main control sensor of the thermostat’s 
operation.
4.3.4. Flight data analysis
These flight data are provided by the European Space Agency as recorded by 
onboard sensors and correspond to all the parabolas during the three days of a 
campaign.
The data that are recorded in the plane are given in a .csv file which contains the 
following nine (9) columns. Column A: is the time (in seconds), where 0 corresponds 
to OhO'O", 37963 corresponds to 10h32'43". Column B is the rounded time (in 
seconds). Column C is the parabola number (from 1 to 31). Column D indicates the Z 
axis acceleration (in g), at a wide scale, (from -1 g to +2.5 g). Column E indicates the
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acceleration axis Z (in g), at a reduced scale, (from -0.5 g to +0.5 g). Column F 
presents the X axis acceleration (in g), at a reduced scale, Column G presents the Y 
axis acceleration (in g), at a reduced scale. Finally, Column H presents the cabin 
pressure (hPa) and Column I the cabin temperature (°C). The signal is filtered at 7 
Hz. There are 16 data points per second. Each of this file is processed and the 
vertical g-acceleration (Z axis) for each parabola, as well as the pressure and 
temperature during each flight are processed and examined. These are the important 
parameters under consideration for our experiment.
Typical graphs of the vertical g-acceleration with respect to time (see Figure 
4.21) and of the pressure and temperature with respect to the parabola number (see 
Figure 4.22) are presented below.
Figure 4.21 Typical variations of g acceleration (Z axis) from parabola#30, 3rd day of the
38th PFC
Figure 4.22 Pressure and temperature of parabola#30, 3rd day of the 38th PFC
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5. RESULTS OF SINGLE BUBBLE GROWTH
Presentation and discussion of the results of this work is organized according to 
the main characteristics of the bubble growth process. When small to moderate heat 
pulses are introduced, a single bubble appears and grows at the thermistor tip. Thus, 
the present chapter describes quantitative observations of the growth of single 
bubbles and compares measurements to theoretical predictions. Later chapters deal 
with the simultaneous growth of multiple bubbles and with bubbie-to-bubble 
interaction phenomena.
Before the main results, an introductory section discusses the motivation for the 
selection of the particular liquids used in the experiments, and presents 
measurements and computations of their relevant physical properties. Then, ground 
experiments are presented, which serve as reference for the measurements under 
microgravity conditions. The main results are presented separately for each liquid 
and include thermal data (time-series of the heater temperature), bubble growth 
curves (time-series of bubble diameter) and comparisons with theoretical predictions 
based on the models developed in Chapter 3. Finally, the results for different liquids 
are set into perspective.
5.1. Fluid Properties
f -




3) Density, p, at 25 °C, Kg/m3,
4) Viscosity, μ, at 25 °C, cP,
5) Surface tension, a, at 25 °C, mN/m and
6) Boiling point, TB, °C
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μ, cP a, mN/m TB, °C





92.09 1180.00 3.22 68.90 276.00
n-heptane C3H16 100.20 677.99 0.39 19.65 98.4
The C02 gas is selected for its vast practical use. Water is the standard liquid and 
n-heptane is selected to investigate the role of surface tension and gas solubility. The 
other two liquids are selected in order to investigate (in addition to the different 
physical properties) their role as biological fluids. The Glycerin/water mixture 42/58% 
is used to simulate the viscosity of blood and the Phosphate Buffered Saline (PBS) 
pH7.2±0.05 (lOx) liquid is used to investigate the importance in biological processes 
which are pH dependent. The purpose of a buffer in biological systems is to maintain 
intracellular and extracellular pH within a very narrow range and resist changes in pH 
in the presence of internal and external influences. Even a slight change in pH can 
result in metabolic acidosis or alkalosis, resulting in severe metabolic complications. 
Table 5.2 below shows the exact chemical composition of PBS. The solution used 
does not contain calcium chloride (CaCI2) and magnesium chloride (MgCI2), 
(Invitrogen).











kh2po4 136 2100 15.44
Sodium Chloride NaCI 58 90000 1000.72
Sodium Phosphate dibasic Na2HP04-7H20 268 7260 27.09
Three are the most important physical properties that are crucial to the 
phenomenon under investigation. The solubility of C02 in each liquid, the diffusivity of 
C02 in each liquid and the vapor pressure of the liquid under investigation.
The gas dissolution is studied in detail in the frame of the current work, and actual 
gas saturation experiments are repeatedly performed. There are two reasons for this 
emphasis: First, equilibrium solubility values are readily determined and are
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compared with literature data or (more important, as in the case of water/glycerol 
mixtures) substitutes the apparent lack of such data. Second, by performing the 
experiment in the same apparatus and under the same conditions used to prepare 
the final solutions, the purging time necessary for the solutions to actually reach 
saturation is reliably determined.
In the following Figure 5.1 a typical saturation curve is shown. The values of the 
concentration of carbon ions are expressed as g CO2/100 g of sample. The test liquid 
is water and the temperature where saturation takes place is 32 °C. The dotted line 
indicates the literature values of equilibrium saturation found in CRC 2004. The 
deviation from those values is ±1% and the repeatability of each experiment is 1.5%. 
The level of fluid used is the same as the one used during the experiments (22 cm, 
2800 ml) and the flow rate of C02 is 810 cm3/min.
From the figure above, it is seen that dissolved C02 concentration has reached 
the equilibrium value 20 min from the start of the purging experiment. This time is 
found experimentally to be always sufficient for water saturation with C02.
By using the same procedure described above, solubility values at different 
temperatures are determined for the Glycerin/water mixture. The repeatability of 
these experiments is found to be ±3%. The solubility values for water, Glycerin/water 
mixture, PBS and n-heptane liquid respectively are presented in Figure 5.2.
Solubility for all liquids used is decreasing as the temperature increases. Carbon 
dioxide dissolves significantly more in n-heptane than in water and slightly more in
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water than in the glycerin/water mixture. The PBS solubility is omitted for clarity 
reasons as its difference from water solubility is less than 2%. This fact is related with 
the very low concentration of NaCI (0.1N) in the PBS solution, (Calbiochem, Lango et 
al., 1996).
The second important parameter is the diffusion coefficient. These are found 
either from the literature (CRC 2004, www.factrio.jp, Thomas and Adams (1964) or 
by using the widely used semi-empirical equation of Wilke and Chang (details 
presented in Section 2.6.2). In Figure 5.3 is shown the diffusion coefficient of carbon 
dioxide in each liquid used. The carbon dioxide molecules penetrate deeper in the n- 
heptane liquid in comparison with the water and glycerin-water mixture. The diffusion 
coefficient in PBS is found to be about 5% less than in water.
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Finally, the vapor pressure for all the liquids tested is presented in Figure 5.4. 
These values are obtained from CRC 2004, www.factrio.jp, and 
www.emsdiasum.com. Here the results from the PBS are omitted as the vapor 
pressure varies less than 1% compared to that of water.
T,°c
Figure 5.4 Vapor pressure versus temperature 
5.2 Ground experiments
These experiments are performed in order to set the necessary background and 
in order to evaluate the conditions and the problems that may arise under 
microgravity. Only two liquids are tested (water as the standard liquid and n-heptane 
as the liquid producing the largest bubbles), in order to test the image system and the 
data acquisition system for these extreme cases. The repeatability of the 
experiments is better than 3%. The test cells used for the ground experiments are the 
same with the ones that are used during the microgravity experiments, so there is a 
direct comparison of the nucleation site and the thermal characteristics of each 
spherical heater.
5.2.1. Water
A number of experiments are performed with water. These are used to test the 
technical characteristics of the spherical heater (including the preferential site). Also 
to provide an indication of what power ranges should be used in order to produce
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single bubble growth. Such a typical growth curve with the corresponding thermal 
profile of the specific experiment run is presented in Figure 5.5.
Figure 5.5 Bubble growth curve and the associated temperature of the heating
thermistor
The legend on the graph includes the experiment number, the average power 
and the minimum/maximum temperature values throughout the time of growth.
In order for nucleation to occur, high temperature values around 60 °C are used. 
In the bubble growth experiments presented here, the bubble remained attached to 
the heater throughout the duration of the heat pulse. This time is 10 s, which is the 
same heat puise duration used during the microgravity experiments.
A monotonic increase of the bubble growth rate with the heater temperature is 
observed. This is presented in Figure 5.6 below. As remarked above, there is a 
minimum temperature for nucleation to occur. There is also a maximum temperature, 
above which multiple bubbles appear. This maximum is close to the boiling point of
Figure 5.6 Single bubble growth under different power and temperature of the heating
thermistor
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One of the problems with the experiments performed under 1 g conditions is the 
deviation of the bubble from sphericity. This fact is presented in Figure 5.7.
0 2 4 6 8 10 12
t,s
Figure 5.7 Deviation from sphericity in ground water experiments
The bubble diameter is measured in two perpendicular directions (x in the 
direction of gravity and y normal to it) as indicated in the sketch inside the figure. At 
the early stages of growth, when the size of the bubble is small, the two dimensions 
almost coincide. As the size increases the difference between x and y coordinates 
becomes greater and reaches around 5%.
5.2.2. n-Heptane
The next fluid tested is n-heptane. The same observations made in water are 
valid for n-heptane as well. The temperature needed for nucleation to occur is around 
the boiling point of the liquid. This fact may be due to the natural convection currents, 
which produce steep temperature gradients close to the thermistor and thus minimize 
the amount of liquid that is supersaturated.
In most of the cases, the bubbles departed from the heater when reaching a size 
of 200-250 pm in radius. This happened as the buoyancy force prevailed over the 
adhesion forces, thus leading to detachment of the bubble. One of few growth curves 
in n-heptane where the bubble remained attached to the heater for the whole thermal 
pulse duration is shown in Figure 5.8, together with the heater temperature profile.
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t, s
Figure 5.8 Bubble growth curve and the associated temperature of the heating
thermistor
It appears that, with n-heptane, bubble detachment is delayed only at high 
temperatures. This behavior is explained by the intensification of adhesion forces 
through the Marangoni effect. More specifically, Marangoni flow gives rise to a 
reaction force that pushes the bubble against the heating surface and thus postpones 
its detachment. (Straub 2000). When the heat pulse is stopped, the bubble starts to 
shrink. This is due to gas re-dissolution. The rate of this shrinkage process is around 
4% /s and is indicated in Figure 5.8.
5.3. Microqravitv experiments
The type of experiment examined in this chapter refers to single bubbles growing 
at the bare tip of the small spherical heater, by employing continuous heat pulses of 
variable power.
The overall uncertainty in the measured bubble radius is ±2%. The known speed 
of the camera allows determination of bubble radius as a function of time. “Zero" time 
is designated to be the last vacant frame before a bubble appears on the digital tape 
and is used to estimate the initial bubble formation nucleation time delay between 
onset of a heat pulse and bubble appearance. It must be stressed here that due to 
the employed spatial and temporal resolution in video recording, it is not actually 
possible to follow bubble growth right from the moment of nucleation but these size 
(~1 μιτι) and time (~1 με) regimes are beyond the interests of this work.
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A brief outline of the experimental scenario during the parabolic flights is as 
follows. An exchangeable test cell is inserted in the thermostat and is left to 
equilibrate at a temperature a few tenths of a degree below the liquid’s saturation 
temperature. Then the temperature of the liquid is raised locally by energizing the 
heater at a preset power level and for a 10 s duration. This is done about 7 s after the 
onset of the low gravity phase during a parabola to ensure that the experiment would 
indeed start at good low gravity conditions, in the case of the microgravity 
experiments. A short time delay is necessary to create local superheat and therefore 
cause nucleation, whereafter a bubble forms and grows on the spherical heater’s 
surface. After five consecutive parabolas the test cell is exchanged with a new one. 
Table 5.3 displays the range of the delivered power levels for the different test liquids 
which produced single bubbles. The corresponding average heater temperatures and 
estimated heat fluxes -assuming that the heater is perfectly spherical- are also 
presented.
Table 5.3 Range of the delivered power levels for the different test liquids which
produced single bubbles.
Liquid Power range,mW Heat Flux range,W/m2 Tave.
range,°C
Water 11.0- 66.0 1.3. x 104 - 8.0 x 104 51.0-87.0
Glycerin-water
mixture




5.0-65.0 6.1 x 103 - 7.9 x 104 39.0-85.0
n-Heptane 6.0-25.0 0.9 x 104 - 3.9 x 104 33.0-58.0
5.3.1. Flight information
The results that will follow contain the experiments done in the 35th and 38th 
Parabolic Flight Campaigns. This thesis also includes reprocessed results obtained 
at previous flight (26th Parabolic Flight Campaign) with scientific investigators Profs V. 
Bontozoglou and T.D. Karapantsios. This is done for completeness of the work.
5.3.1.1 ESA Flight data
The flight data received daily from ESA include the microgravity quality and the 
temperature and pressure inside the airplane. A representative set of these data are 
the following (Figures 5.9 and 5.10).
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 5: Results of single bubble growth 80
Figure 5.9 Quality of microgravity from (a) 35th PFC, Dayl, parabola#8 and (b) 38th PFC,
Day2 , parabola#0
Figure 5.10 ESA data from measurements taken inside the aircraft (a) temperature and
(b) pressure
Table 5.4 presents results for each liquid used, the quality of microgravity 
expressed as the percentage of the deviation from zero g. In addition the average 
temperature and pressure throughout the campaign(s) for each fluid tested, is also 
presented.
Table5.4 Flight data results for each fluid







Water 1.0 18.0 840.0
Glycerin/water 1.5 17.0 817.0
PBS 1.4 20.0 838.0
n-Heptane 1.0 17.0 818.0
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5.3.2. Experiments with water
Interpretation of the experiments with water, similarly to all the other fluids, 
involves three main tasks: (1) Analysis of the thermal data to recover the temperature 
history of the thermistor (2) Analysis of the bubble size data to delineate the growth 
pattern and the effect of input power and other parameters and (3) comparison of 
experimental data to theoretical predictions.
Nucleation of a single bubble occurs exclusively at a specific preferred site on 
each heater (heterogeneous nucleation). This site is independent from power, 
temperature or test liquid. Such a preferential nucleation is usually attributed to 
vapor/gas trapped in submicroscopic imperfections, e.g. cavities or scratches, on the 
heaters’ surface (Jones et al. 1999b). The nucleation site for the spherical heater 
used in the experiment (heater #8) is indicated at Figure 5.11.
Bubble
Thermistor
Figure 5.11 Nucleation site of cell#8 (Used for water)
Bubble expansion is fast at the beginning and slows down drastically at later 
times. The shape of the bubbles is spherical from the very beginning of their growth. 
Smaller bubbles are, in general, stiff and robust while larger bubbles are sensitive to 
vibrations and floppy.
5.3.2.1. Thermal data
Among the most important data for the interpretation of the experiment is the 
temperature history of the heater. On the contrary, the temperature of the bulk, 
measured by a thermistor located 2.5 mm in the longitudinal direction away from the 
heater, is not influenced by the local heating as manifested by recorded increases of 
less than 0.2 °C during heat pulses (This is valid for all fluids tested). Figure 5.12 
below supports the above conclusions by showing typical temperatures from the 
different thermistors (USR’s).
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Figure 5.12 "Snoopy" data for water
This data are from the 2nd day of the 38th Parabolic Flight Campaign and for all 
the parabolas during which water is tested. USR1 (the dotted line) is the heating 
thermistor and these are the temperatures just before the heat pulse (where it acts as 
a thermocouple). These temperatures are kept constant, a few tenths below the 32 
°C. USR2 is the thermistor located above USR1. The temperature indicated here, is 
the average temperature during a heat pulse, and it is clearly seen that it is not 
influenced by local heating.
Figure 5.13 displays typical patterns of the heater data during experimental runs 
with water as a test liquid for the first instances of bubble growth (2.5 s). Initially, the 
heater temperature rises very fast because of its low heat capacity value. Its 
thermalization speed increases considerably with the applied power. The relative size 
of the developing bubble with respect to the size of the heater determines the thermal 
response of the heater. When the bubble is relatively small, the heater temperature 
continues to climb fast (perhaps not as fast as before nucleation but there is not 
enough time resolution in temperature readings to assert this). The moment the 
bubble reaches a critical size (roughly equal to half the size of the heater), the heater 
stops to heat up and even starts to cool down since the growing bubble claims from it 
a progressively increasing amount of heat. The trend, observed in water involves a 
slow further increase up to a peak value and then a slow decay.
------------- USR1 temperature
--------------- USR2 temperature
Λ---------------I--------------1-------------- ,-------------- 1---------------,_________ I_________ .___
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Figure 5.13 Typical pattern of the thermistor data during experimental runs with water 
for the first instances of bubble growth (2.5 s)
With respect to nucleation, it is noted that -unlike the typical temperature profile 
presented in Figure 5.13- there are experimental runs where additional time is 
needed for nucleation to occur. Figure 5.14 compares bubble radius evolution and 
heater temperature curves for a particular run in water where the associated 
nucleation time delay in initial bubble formation is marked.
Figure 5.14 Comparison of bubble radius evolution and thermistor temperature curves 
for a particular run in water where the associated nucleation time delay in initial bubble
formation is marked
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 5: Results of single bubble growth 84
This time lag can be clearly identified also in the heater temperature data, which 
show a steep increase before bubble nucleation, followed by a smooth decay during 
the bubble growth period. The same heater behavior is registered by Lee et al., 
(2003) in performing pool boiling experiments with R-123. Two limiting temperature 
values (Tmax, Tmin) are noted in the plot designating the temperature range within 
which the bubble grows. (The [x_x_x,x,x/x] format in the legend stands for 
[day_parabola_campaign, power, Tmax/Tmjn]).
Nucleation time delay may be understood in terms of the time taken by a liquid to 
attain the degree of supersaturation necessary for nucleation of bubbles. The ranges 
of nucleation time delay values observed are 0.24-1.4 s for water. The 
supersaturation values, σ, corresponding to the temperature of bubble nucleation, Tn,
are calculated, according to the definition a = Cxu{T o)—-—- — 1 and the results is σ=0.8-
Csat {Tn)
1.2 for water. There is an order of magnitude agreement between the present data 
and the observation by Jones et al. (1999a) who showed that bubbles in carbonated 
water are produced at levels of supersaturation below a value of two.
Figure 5.15 shows the applied heating powers and attained heater temperatures 
covered by this work. Clearly, the present work is an extension of the earlier study 
performed in the 26th Parabolic Flight Campaign towards lower power levels since 
higher powers were always leading to simultaneous generation of multiple bubbles. 









• Tmax Water (Present Work)
O Tmax Water (26th Parabolic Flight Campaign)
20 40 60 80
P,mW
Figure 5.15 Applied heating powers and attained thermistor temperatures
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5.3.2.2. Bubble growth data
The effect of the different gravity levels (during a parabola) to growing bubbles is 
demonstrated in Figure 5.16.
t,s
Figure 5.16 Effect of the different gravity levels during a parabola to growing bubbles
As displayed, the low gravity period (~0 g) is followed by a transition period 
(~0->1.6 g) towards a high gravity period (~1.6—>1.8—>1.6 g) which is subsequently 
succeeded by a transition period (~1.6—>1 g) towards normal gravity (~1 g). It must 
be recalled that heat pulses start (t=0 s) 7 seconds after the onset of a parabola. Two 
runs (A and B) are included in this graph, both conducted with water and the same 
test cell but at different power levels. Two bubbles are produced during heat pulses 
(A1+A2 and B1+B2). The two bubbles do not co-exist but the second one emerges 
(at the same site) after the first one has departed from the heater.
As soon as bubbles A1 and B1 enter the first transition period they start to 
deviate from their prior course of growth and eventually leave the heater. Right after 
their detachment, bubbles A2 and B2 form and develop till the end of the heat pulses. 
The last part of the A2 and B2 curves occurs inside the high gravity period. 
Comparison of the A1, B1 with the A2, B2 curves gives the impression that the 
bubbles grow differently at different gravity levels. However, this is purely an 
experimental artifact because the bubbles are not anymore spherical and image 
analysis is fooled. The moment the heat pulses terminate, the bubbles immediately 
stop to expand implying that thermal inertia effects, due to the heat capacity of the 
heater, are negligible.
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The quality of low gravity conditions achieved in parabolic flights, create 
disturbances in measurements because bubbles become more sensitive to external 
vibrations as they grow larger. A manifestation of the effect of vibrations is the 
progressively increasing high frequency scatter in the measured growth curves as 
the bubble size increases. Minor temperature differences around the bubble might 
also create disturbances, due to Marangoni convection, but at much lower 
frequencies.
The delivered power and the corresponding temperature of the heater, play a 
dominant role on the growth rate of single bubbles in all the liquids used. Figure 5.17 
documents this behavior for water by displaying the temporal variation of bubble 
radius for various input powers. Time “zero” corresponds to the visual appearance of 
the bubble and not to the onset of the heat pulse, so that comparisons are not 
hindered by differences in nucleation time delay.
Figure 5.17 Single bubble growth data under different power and temperature of the
heating thermistor
The following characteristics of the experiment are noted: First, a minimum 
temperature threshold exists, below which no bubble appears. This limit is around 
64 °C for water. Second, a monotonic increase of the bubble growth rate with heater 
temperature is observed in all cases. Third, a gradual saturation takes place at high 
heater powers, with the result that further increase in power produces insignificant 
displacement of the bubble growth curve. This upper limit is found for water to be 
around 90 °C. These limiting curves are included in the Figure 5.17.
Another persistent feature in most of these curves is that the temperature of the 
heater is not constant during bubble growth but varies between a maximum value
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(usually at the moment of bubble inception) and a minimum value (usually at the end 
of the heating pulse when the bubble is largest). The extent of this variation seems to 
depend on both test liquid and heating power without a clear functional relationship 
with those parameters. Thus, the bubble grows under non isothermal conditions and 
the particular temperature profile developing in each run, as will be shown later, plays 
a decisive role in the growth rate.
Finally, it is noted that repeatability (between the size of two bubbles for the same 
heat pulse) of the above data is better than 3% and this is demonstrated in Figure
5.3.3. Experiments with other liquids
5.3.3.1. Glycerin/water
The next liquid tested is the glycerin/water 42/58% w/w mixture. The spherical 
heater used for the glycerin/water solution is #6, and the specific site where 
nucleation takes place is indicated at Figure 5.19.
Bubble
\ Thermistor
Figure 5.19 Nucleation site of cell#6 (Used for glycerin/water mixture)
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5.3.3.1.1. Thermal Data
Temperature history of the thermistor for the glycerin/water experiments is similar 
to that of pure water. Figure 5.20 shows the typical behavior accompanying the 
appearance of a bubble, which consists of a slow further increase up to a peak value 
and then a slow decay. This is shown for the 0.5 s of the heat pulse.
Figure 5.20 Typical pattern of the thermistor data during experimental runs with 
glycerin/water mixture for the first instances of bubble growth (2.5 s)
Time lag for the appearance of a bubble is also evident. The ranges of nucleation 
time delay values observed are 0.64-3.5 s for glycerin-water solution and this 
occurred in the majority of the experiments. The supersaturation values, o, 
corresponding to the temperature of bubble nucleation, Tn, are calculated and found 
to be σ=0.9 for glycerin-water solution.
5.3.3.1.2. Bubble growth data
Figure 5.21 shows the following characteristics of the experiment with glycerol- 
water. The minimum temperature threshold that exists is around 97 °C. The 
monotonic increase of the bubble growth rate with heater temperature is also 
observed in this present liquid. Finally, a gradual saturation takes place at high 
heater powers, with the result that further increase in power produces insignificant 
displacement of the bubble growth curve, this temperature is around 105 °C for the 
system examined here. We note also that the repeatability of the experiments for the 
glycerin/water mixture is again around 3%.
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Figure 5.21 Single bubble growth data under different power and temperature of the
heating thermistor
5.3.3.2. Phosphate Buffered Saline (PBS)
The next liquid tested is the Phosphate Buffered Saline (PBS). This fluid 
simulates the blood’s pH (using as blood’s isotone, 0.1M of NaCI).
The thermistor used for the PBS solution is #8. The specific site where nucleation 
takes place is indicated at Figure 5.22. All experiments conducted with PBS 
produced one single bubble.
Bubble
\ Thermistor
Figure 5.22 Nucleation site of cell#8 (Used for PBS)
5.3.3.2.1. Thermal data
The typical trend observed in water, also is observed in the PBS. Figure 5.23 
shows this behavior of a slow further increase up to a peak value and then a slow 
decay. This is shown again for the first 2.5 s of the heat pulse.
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Figure 5.23 Typical pattern of the thermistor data during experimental runs with PBS 
for the first instances of bubble growth (2.5 s)
No nucleation time delay occurred while testing the PBS. The supersaturation 
values, σ, corresponding to the temperature of bubble nucleation, Tn, are calculated 
and found to be σ=0.8-1.2.
5.3.3.2.2. Bubble growth data
In Figure 5.24 is shown the minimum and maximum temperature threshold for 
the PBS. These limits are around 65 °C and 80 °C. Again, a monotonic increase of 
the bubble growth rate with spherical heater temperature is observed in all cases. 
The repeatability of the experiments for the PBS is again around 2%.
Figure 5.24 Single bubble growth data under different power and temperature of the
heating thermistor
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5.3.3.3. n-Heptane
The final liquid tested is n-heptane. The thermistor used for n-heptane is #9, and 
the specific site where nucleation was taking place is indicated at Figure 5.25 below. 
An important observation that differentiates n-heptane from the other liquids is that in 
every run the bubble moves around the surface of the spherical heater before 
reaching its final growth position. A representation of this behavior is indicated by the 
curved dotted line in Figure 5.25. Detailed description of bubble motion during 
growth and of other related phenomena will be undertaken in Chapter 5. In addition, 








Figure 5.25 Nucleation site of cell#9 (Used for n-heptane)
5.3.3.3.1. Thermal data
Figure 5.26 displays typical patterns of the thermistor data during experimental 
runs of n-heptane. There is an immediate rapid decline in temperature with the 
growth of a bubble, which is contrasted with the far more gradual decline in the other 
liquids. The above difference may be attributed to the high growth rate of C02 
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Figure 5.26 Typical pattern of the thermistor data during experimental runs with n 
heptane for the first instances of bubble growth (2.5 s)
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Time lag for the appearance of a bubble is also observed in n-heptane, and the 
ranges of nucleation time delay values observed are 0.08-0.3 s. The supersaturation 
values, σ, corresponding to the temperature of bubble nucleation, Tn, is σ=0.1-0.3.
Figure 5.27 shows the applied heating powers and attained heater temperatures. 
The experiments performed during the 26th PFC led to multiple bubble growth 
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Figure 5.27 Applied heating powers and attained thermistor temperatures
5.3.3.3.2. Bubble growth data
In the case of n-heptane, the temperature limit below which no bubble appears is 
around 35 °C. There is a monotonic increase of the bubble growth rate with heater 
temperature, which however becomes progressively weaker. Thus, further increase 
in power, beyond a certain limit, produces insignificant displacement of the bubble 
growth curve. A convincing demonstration of this asymptotic behavior is provided by 
Figure 5.28 where the upper two growth curves almost coincide though the 
corresponding heater temperatures differ by around 20 °C.
Ea.
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a Tmax n-Heptane(35,h-38,h PFC) 
Δ Tmax n-Heptane(26u' PFC)
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5.3.4. Results synopsis
5.3.4.1. Comparison between microgravity and ground experiments 
In Figure 5.29 is presented a comparison between two experiments of single 
bubble growth in water, one performed on the ground and the other under 
microgravity conditions.
Figure 5.29 Comparison of water growth curves conducted in microgravity and in
ground conditions.
The bubble growth rate in microgravity is distinctly higher than on the ground, 
despite the fact that the ground experiment corresponds to a higher thermistor 
temperature. The difference is attributed to the effect of natural convection, which is 
present on the ground but absent in microgravity. Natural convection offers an 
additional heat transfer mechanism, significantly more efficient than conduction, and 
thus establishes lower temperatures in the liquid surrounding the bubble. A colder 
liquid is less supersaturated and thus results in lower bubble growth rate.
The same comparison is not possible to make with n-heptane, because in the 
ground experiments the growing bubble does not remain attached to the heater for 
more than 1-2 s. In addition, in order to produce bubbles in n-heptane on the ground, 
very high temperatures need to be used (close or above the boiling point of n- 
heptane), and this makes the microgravity and ground experiments fundamentally 
different.
5.3.4.2. Comparison of different fluids in microgravity: thermal data
Figure 5.30 displays typical patterns of the heater data during experimental runs 
with the four test liquids during the first instances of bubble growth (2.5 s). Two
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different trends of the heater temperature are observed among test liquids. One 
trend, observed in water, in the glycerin-water mixture and in PBS, involves a slow 
decay after a peak value. This is in contrast to the immediate rapid decay observed 
in n-heptane.
Figure 5.30 Typical pattern of the thermistor data during experimental runs with the 
four liquids used for the first instances of bubble growth (2.5 s)
Figure 5.31 displays a relationship between the nucleation time delay and the 
time-weighted average temperature readings of the corresponding experiments 
where nucleation time delay is observed. What is noted for all the fluids used is that 
nucleation time delay decreases promptly as the temperature of the heater 
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Figure 5.31 Relationship between the nucleation time delay and the time weighted 
average temperatures readings of the corresponding experiments where nucleation
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Figure 5.32 shows the applied heating powers and attained heater temperatures. 
For clarity reasons only maximum temperatures are shown. Two points are noted 
with respect to Figure 5.33. First, there exists an approximately linear relation 
between heater power and temperature. Second, different power levels (thus 
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5.3.4.3. Comparison of different fluids in microgravity: bubble growth 
Figure 5.33 compares single bubble growth data for the three test liquids. If one 
takes into account the respective power levels and temperatures of the thermistor for 
each run, it is clear that the fastest growth is observed in n-heptane, whereas the 
slowest growth in glycerin-water mixtures.
t f t,s
Figure 5.33 Comparison of single bubble growth data for the three test liquids
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The shape of the growth curves can be described with a power law of the form 
(R=/3fQ). It is recalled that, in bubble growth induced by pure mass transfer, the 
available experimental evidence agrees that a=0.5. On the contrary, the present data 
are correlated by varying values of the exponent a, as is indicated in Figure 5.33. In 
particular, heptane (with the highest growth rate) exhibits the greatest deviation from 
σ=0.5, followed by water (intermediate growth rate) and water-glycerin (lowest growth 
rate). In other words, the test fluid physical and transport properties chiefly dictates 
the growth pattern. Figure 5.34 compares the growth curves between the water and 
PBS.
Figure 5.34 Comparison of single bubble growth data between water and PBS
Figure 5.35 presents computed values of a against the maximum heater 
temperature for all test fluids. For a specific test fluid, the divergence from 0.5 first 
increases drastically with increasing temperature (that is, higher growth rates) and 
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Figure 5.35 Computed values of a against the maximum thermistor temperature for all
test fluids
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Furthermore, the dependence of β on the maximum heater temperature, (Figure 
5.36) supports the arguments made that the growth rate does not infinitely increase 
but as the temperature increases it eventually levels-off at a maximum (plateau) 
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5.4 Data interpretation with the aid of theoretical predictions
5.4.1. WATER
5.4.1.1. Self-similar solution for constant bubble temperature
The experimental bubble growth curves for different power levels are compared 
to predictions of the constant-temperature model. The dotted lines in Figure 5.37 
represent self-similarity solutions of the model equations obtained for the measured 
initial temperatures (Tmax) of the heater. Runs 1_8_38 agree quite well with the 
predictions of the model in the first 0.5-1 s. This time regime has been also found in 
nucleate boiling to be adequately described by a constant temperature parabolic law, 
e.g. Lee & Merte (1996a). Noticeably, for higher initial heater temperatures, the 
agreement between predictions and measurements is restricted to gradually shorter
times.
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Figure 5.37 Single bubble growing under different power and temperature of the 
heating thermistor. The model predictions from self-similar theory of Tmax of each run
is also included for comparison
Regarding water, one may think that the progressive discrepancy between 
theoretical predictions for Tmax and measured data is due to the temperature decay of 
the heater during bubble growth. To shed some light on this matter, Figure 5.38 
contrasts two growth curves obtained with water against predictions drawn for both 
the Tmax and Tmin of each run. It is apparent that for water the temperature decay of 
the spherical heater might partially explain the discrepancy, only in the lower power 
runs. On the contrary, for higher powers the experimental growth rate is even smaller 
than the rate corresponding to Tmin. Thus, an additional effect based on purely 
physical grounds must yet be sought. g2»c 89°c
t,s
Figure 5.38 Comparison between measurements and theoretical predictions of the self­
similar theory based on the observed Tmax and Tm,n of each run for water
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In view of all the above, the disagreement between the self-similarity predictions 
and the experiments is probably due to the model assumption of an isolated bubble 
with a uniform temperature equal to that of the heater. It must be also noted at this 
point, that the main mechanism of energy consumption from the bubble, in order to 
grow, is the conduction of heat towards the liquid and not the latent heat 
requirements as one may have intuitively expected.
5.4.1.2. Non isothermal bubble growth
A tentative sequence of events during a heat pulse, which qualitatively reconciles 
most of the present experimental observations, is as follows: First, a thermal 
boundary layer develops rapidly around the heater (whether it reaches a steady state 
is not of concern). Shortly, a bubble emerges and grows inside this thermal boundary 
layer. One must recall here that, in the experiments presented in this work, the 
growing bubble does not encapsulate the heater in its interior but extends at the side 
of the heater. As a result, the bubble, during its growth, is in contact with liquid layers 
of varying temperatures (along the thermal boundary layer around the heater) and 
has only a small contact with the heater itself. At the initial stages of growth, the 
bubble is small and is surrounded by quite warm liquid layers and therefore it is 
capable of keeping a constant temperature equal to that of the heater, because the 
amount of energy needed by the bubble is small (heat conduction to the liquid is low). 
When the bubble exceeds a certain size (e.g., the critical radius 250-400 pm), it is 
exposed to considerably colder liquid layers and therefore requires a larger amount 
of power to maintain its temperature constant. This power is higher than the heater 
can provide so a temperature gradient develops inside the bubble with lower 
temperatures at its outer parts. Such a temperature gradient gives rise to Marangoni 
convection around the bubble surface, which also plays a role in drifting the bubble 
off the isothermal behavior. This may explain the reduced growth rates after a certain 
bubble size. Straub (1994) has also argued about a similar temperature gradient 
inside the bubble, in an effort to explain nucleate boiling in subcooled liquids.
For the case of high powers (and temperatures) of the heater, the bubble grows 
faster than the thermal boundary layer around the heater and so it is already from the 
beginning exposed to cold liquid. In such a case, conductive heat losses to the 
surrounding liquid dominate the growth process right from the start. This is a possible 
explanation for the drastic reduction in the amplification of growth rates beyond a 
certain heater temperature.
3
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Recalling information from the boiling literature, one might be also tempted to 
argue that at relatively elevated temperatures an evaporating microlayer comes 
gradually into play at the base of the bubble. This layer may serve as an additional 
barrier to heat transfer between the heater and the bubble. This idea was 
successfully employed to explain the lower (than anticipated) growth rates of boiling 
bubbles, e.g. Plesset and Posperetti (1977), Dhir (1998), Straub (2000). However, it 
is doubtful whether an evaporating microlayer can show-up effectively at 
temperatures below boiling.
Summing up the progress up to this point, we note that although the 
mathematical model appears to capture the gross features of bubble growth, there 
are a few assumptions that must be relaxed in order to cope with all the details of the 
present experiments. The first calls for a bubble temperature that is not constant, but 
its value is deduced from the solution of the energy equation for the given input 
power to the heater. The second deals with a temperature dependent thermal 
conductivity and mass diffusivity. Finally, there are issues associated with the bubble 
being actually a segment of a sphere and the movement of its contact line, which 
require a 2D analysis.
Next, it is attempted to interpret the present data in terms of the developed model 
of one-dimensional bubble growth with time-dependent temperature. More 
specifically, the model is used to transform experimentally determined bubble radius 
evolution curves, into mean bubble temperature evolution curves. Figure 5.39 
displays representative bubble growth curves for water and the best fit by a third 










Figure 5.39 Representative bubble growth curves for water and the best fit by a third 
order polynomial used in the computation
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In attempting to use differential methods for data analysis, problems are 
frequently encountered with slight scatter of the data which could bring about large 
changes in the quality of the fit. Due to the employed moderate temporal and spatial 
resolution in recording bubble growth, such problems occur here for images of small, 
fast growing bubbles i.e., right after the onset of heating. As a result, at such short 
times the model can not yield an accurate determination of mean bubble temperature 
from the slopes between growth data and therefore the aforementioned 
transformation is applied only to larger bubble radii (a few tenths of a second after 
nucleation).
The mean bubble temperature computed from the model is compared in Figure 
5.40 to the measured heater temperature. This figure displays results for water and 
indicates that bubble growth is isothermal with the heater for a time period ranging 
around 1 s-4 s. This is rather expected, since at such short times the bubble is still 
small and relatively close to the heater. After that time, there is a growing deviation of 
the order of a few degrees between the temperatures measured by the heater and 
those predicted by the model. As the power provided by the heater increases, the 
time the bubble remains isothermal decreases and the deviation from the heater 






Figure 5.40 Mean bubble temperature computed from the model compared to the 
measured thermistor temperature for water runs
The mechanistic picture emerging from the above results (and partly accounted 
for by the simplified non-isothermal model) is that, during its growth, a bubble 
extends into progressively colder liquid. Thus, its mean temperature falls below that
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of the heater and of the liquid in the heater’s immediate vicinity. Evidently, the 
deviation between bubble and heater temperature is expected to become more 
significant, the faster the growth and the larger the size of the bubble. This also 
explains qualitatively the observed saturation of the growth rate with increasing 
heater power. Finally, it must be noted that due to the inevitable thermocapillary 
(Marangoni) convection around the non-isothermal bubbles, the predicted mean 
bubble temperatures (based on experimental bubble evolution curves) are not as low 
as they should be. Marangoni convection is a complementary physical mechanism 
driving liquid from the warm base of a bubble, towards its cold apex, mitigating 
temperature gradients around the bubble and thus contributing to the establishment 
of thermal equilibration between heater and bubble.
5.4.2. GLYCERIN/WATER
5.4.2.1. Self-similar solution for constant bubble temperature
By applying the self-similar solution to the glycerin/water runs, it is noticed that 
this model describes the bubble growth within 10% accuracy. This is due to the slow 
















Figure 5.41 Single bubble growing under different power and temperature of the 
heating thermistor. The model predictions from self-similar theory of Tmax of each run
is also included for comparison
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5.4.2.2. Non-isothermal bubble growth
Next, it is attempted to interpret the present data in terms of the developed model 
of one-dimensional bubble growth with time-dependent temperature. Figure 5.42 
displays representative bubble growth curves for the glycerin/water and the best fit by 
a third order polynomial (R2>0.98) used in the computation.
Figure 5.42 Representative bubble growth curves for glycerin/water mixture and the 
best fit by a third order polynomial used in the computation
Figure 5.43 shows the same comparison as above, only now for the water- 
glycerol system. Here, it is observed that the predicted mean bubble temperature 
coincides with the measured heater temperature for the whole duration of the heat 
pulse. This is observed when the self-similar solution is used to describe the bubble 
growth. The agreement is attributed to the slow growth of bubbles in water-glycerol, 
which provides enough time for the heater to equilibrate thermally with the bubble.
t S
Figure 5.43 Mean bubble temperature computed from the model compared to the 
measured thermistor temperature for glycerin/water runs
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5.4.3. PBS
5.4.3.1. Non-isothermal bubble growth
Here the non-isothermal bubble growth is presented for an attempt to interpret 
the present data in terms of the specific model. Figure 5.44 displays representative
bubble growth curves for the PBS and the best fit by a third order polynomial 
(R2>0.98) used in the computation.
Figure 5.44 Representative bubble growth curves for PBS and the best fit by a third 
order polynomial used in the computation
Figure 5.45 shows the same comparison as above, only now for the PBS. This 
figure displays results for PBS and indicates that bubble growth is isothermal with the 
heater, for a time period ranging around 1 s-2.5 s. After that time there is a growing 
deviation of the order of a few degrees between the temperatures measured by the 
heater and those predicted by the model. As the power provided by the heater 
increases, the time the bubble remains isothermal decreases and the deviation from 
the heater temperature towards the end of the thermal heat pulse becomes greater.
This observation comes in agreement with the water results.
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Figure 5.45 Mean bubble temperature computed from the model compared to the 
measured thermistor temperature for PBS runs
5.4.4. n-HEPTANE
5.4.4.1. Non-isothermal bubble growth
In the case of heptane, the self-similar solution fails completely to describe the 
bubble growth. This is expected given that heptane exhibits the greatest growth rates 
and consequently its bubbles should experience the most significant deviations from 
the temperature of the heater. Thus, it is attempted to interpret the present data in 
terms of the non-isothermal bubble growth model, (Figure 5.46).
Figure 5.46 Representative bubble growth curves for n-heptane and the best fit by a 
third order polynomial used in the computation
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Figure 5.47 compares the heater temperature with the time evolution of the mean 
bubble temperature, the latter computed by the theoretical model using the 
experimental growth rate data. The comparison substantiates the above intuitive 
expectations, and more specifically shows that only bubbles growing at very small 
superheat are in thermal equilibrium with the heater (experiment B), but higher heater 
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Figure 5.47 Mean bubble temperature computed from the model compared to the 
measured thermistor temperature for n-heptane runs
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6. RESULTS OF MULTIPLE BUBBLE GROWTH & 
INTERACTION PHENOMENA
The present chapter deals with more complex phenomena that occur at higher 
heat fluxes and involve multiple bubbles and their interactions. Quantitative bubble- 
growth data under these conditions are presented first, for the test liquids water and 
n-heptane. Then, a host of phenomena are documented (such as bubble lateral 
motion, clustering and coalescence, ejection and lift-off) which relate to increased 
bubble mobility and appear primarily in n-heptane. The chapter concludes with 
presentation of the characteristics of intermittent bubble growth in water, caused by 
the application of consecutive heat pulses.
6.1. Multiple bubble growth
The type of experiments examined in this chapter refers to multiple bubbles 
growing at the bare tip of the small spherical heater, by employing continuous heat 
pulses of variable power. The technical information mentioned on chapter 5.3, also 
pertains to this type of experiment. At the beginning of this section general 
information will be given concerning the way multiple bubbles are generated. Then, 
information common for both liquids is provided about bubble production cycle and 
thermal data. Finally, the specific growth characteristics of each test liquid (water and 
n-heptane) are documented.
6.1.1. General information
In order to produce multiple bubbles, higher power levels (thus temperatures) are 
needed compared to those used to create a single bubble, when the same thermistor 
is used. The delivered power values, together with the corresponding average 
thermistor temperatures and estimated heat fluxes -assuming that the heater is 
perfectly spherical- are presented in Table 6.1.
Table 6.1 Range of the delivered power levels for the different test liquids which
produced multiple bubbles.
Liquid Power range, mW Heat Flux range, W/m2 Tave range’, °C
Water 46.0 - 66.0 5.6 x 104 -8.0 x 104 85.0-91.0
n-heptane 13.0-86.0 1.6 xIO4-1.0 x10s 45.0-87.0
ave (T max+T min)/2
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Figure 6.1 shows graphically the applied heating powers versus the ensuing
heating thermistor temperatures, needed to generate single and multiple bubbles in
water and n-heptane, respectively. Temperatures are average values calculated from
the entire duration of heating runs. Higher power levels (thus temperatures) are
necessary to generate bubbles in water than in n-heptane. Moreover, higher power
levels are needed to produce multiple bubbles compared to those used to create
single bubbles. These power levels vary among heating thermistors since their
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Figure 6.1 Applied heating powers and attained thermistor temperatures
6.1.2. Production cycle and thermal data
A typical sequence of events during the present heating runs is as follows: After 
energizing the heater, a brief time lap is necessary to create local supersaturation 
and therefore cause nucleation. Then, the first bubble forms and begins to grow. 
Either simultaneously or with some time delay (depending on the liquid and applied 
power), a second bubble emerges at another nucleation site on the thermistor 
surface. At some point in time (before the end of the heating period), the bubbles 
depart from the heater synchronously. This series of events will be henceforth 
referred to as the 1st bubble generation. Almost immediately, new bubbles appear at 
exactly the same nucleation sites and start growing until they eventually also detach 
from the heater. This series of events designates the 2nd bubble generation. The 
sequence of bubble generations continues until the end of the heat pulse or until the 
end of the microgravity period, whichever comes first. Deviations from the above 
description are encountered with high power pulses in n-heptane, where bubble 
generations consist of more than two bubbles and detachment is more complicated.
The temperature provided by the thermistor follows a pattern related to the 
production sequence described above. This is depicted in Figures 6.3 and Figures
6.6, where thermistor profiles are shown for water and n-heptane. Initially (just before
• Single bubble (Water)
O Multiple bubble(Water)
A Single bubble(heptane)
A Multiple bubble (heptane)
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nucleation) the thermistor temperature rises very fast because of its low heat 
capacity value. The relative size of the developing bubble with respect to the size of 
the thermistor, determines the thermal response of the thermistor. When the bubble 
is relatively small, the thermistor temperature continues to climb fast. When the 
bubble reaches a critical size (roughly equal to half the size of the thermistor), the 
thermistor stops to heat up and even starts to cool down. Finally, at bubble 
detachment the temperature rises again and the cycle is repeated. The above 
sequence is, as expected, similar to single bubble experiments.
There are two interesting points, noted regarding Figures 6.3 and Figures 6.6. 
The first is the abrupt decline of the thermistor temperature at the first stages of 
bubble growth and the second is the subsequent establishment of a constant 
temperature when the bubble reaches a size roughly equal to that of the thermistor. 
Both observations may be qualitatively interpreted by considering the effect of the 
presence of a bubble on heat transfer from the tip of the thermistor. The predominant 
mechanism appears to be Marangoni convection, which drives liquid away from the 
hot and towards the cold side of the interface (see Figure 6.2). In this way, the 
bubble acts as a microscale pump dragging liquid from the region adjacent to the 
thermistor surface and releasing it further inside the bulk.
Based on the aforementioned convection mechanism, the observed behavior is 
explained as follows: The rapid decline of the thermistor temperature is associated 
with the onset of Marangoni convection, which becomes a dominant heat transfer 
mechanism as soon the bubble attains a significant size. The intensity of convection 
depends on the overall temperature difference between the hot and cold end of the 
bubble. Thus, it initially increases with bubble size and reaches a steady-state when 
the bubble becomes large enough for its cold end to attain the temperature of the 
bulk of the liquid. The above limit is considered responsible for the establishment of a 
roughly constant thermistor temperature at the later stages of bubble growth.
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 6: Results of multiple bubble growth and interaction phenomena 110
6.1.3. Water
The presentation of bubble growth data is assisted by the following information: 
Two limiting temperature values (Tmax, Tmjn) are reported in each plot, designating the 
range within which most of the bubble growth takes place. The temperatures refer to 
the whole duration of the run and not to any specific generation. The [x_x_x,x,x/x_x] 
format in the legend stands for [day_parabola_campaign, power, Tmax/Tmin, number 
of bubbles]. All the figures with bubble evolution curves, also include temperature 
profiles and a sketch of the thermistor (circle with mesh) with the locations where 
bubbles form (black and white circles). On each graph, G denotes the bubble 
generation cycle whereas b denotes the number of bubbles on each generation.
Interpretation of the experiments with water, similarly to n-heptane, involves the 
following main tasks: (1) discussion of the observations on the bubble production 
cycle and (2) comparison of experimental data to theoretical predictions from the 
non-isothermal bubble growth model. Figure 6.3a, 6.3b and 6.3c displays 
representative runs for water.
(c)
Figure 6.3 Multiple bubble growth and heating thermistor temperature data for water.
(a) 46 mW, (b) 56 mW, (c) 66 mW.
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6.1.3.1. Discussion on production cycle
The specific thermistor used for the water experiments has two active sites. The 
1st (preferred) site noted as the black circle and 2nd (secondary) site noted as the 
white circle. The bubbles growing during the first generation cycle on both sites 
generally nucleated without significant time delay (according to our available time 
resolution of 40 ms). Even when the power level is reduced to 46 mW, the bubble on 
the 1st site nucleated without any time delay, whereas it took 2.84 s for a bubble to 
nucleate on the 2nd site. During later generation cycles, the time that takes for 
bubbles to appear varies depending on the site. So, for the 1st site this time delay is 
between 0.12 s to 0.28 s. There is an additional time delay for the 2nd site to become 
activated, ranging between 0 s and 0.2 s.
A tentative conclusion from the above observations is that there exists a 
nucleation energy barrier that must be overcome for each site to become activated. 
This conclusion is further supported by the observed inverse dependence of 
nucleation time delay on the delivered power. The 1st site, the preferred one, has a 
smaller energy barrier than the 2nd, and the difference between the two become more 
evident with decreasing power level, when the 2nd site exhibits a finite nucleation time 
delay. The fluctuations, noticed on the nucleation time delay during later generation 
cycles, are attributed to the time needed for the concentration boundary layer to 
restore following the detachment of a bubble, (Jones 1999a).
During all our experiments with C02 bubbles growing in water, we observed two 
bubbles per cycle. There is evidence (to be discussed later) that the geometry of the 
heater and the power level used actually determine the number of bubbles that can 
grow simultaneously on each generation cycle. However, in the case of water, the 
limited power range spanned (due to technical reasons) did not permit observation of 
more than two simultaneously growing bubbles.
Our experiments suggest that bubble detachment in water takes place because 
of g-jitters. Indications supporting this conclusion are that the bubbles always detach 
simultaneously, and that there is no correlation between detachment time and bubble 
size. When a bubble detaches, the bubbles that appear at the same site do not 
exactly reproduce the growth of their predecessor (Two such growth histories are 
superimposed in Figure 6.4). This agrees with observations made by Jones et al. 
(1999a), and Westerheide and Westwater, (1961) in mass diffusion experiments. The 
first authors produced trains of bubbles at specific sites on a surface in contact with 
low-supersaturation carbonated water solutions, while the latter produced bubbles in 
water electrolysis experiments. t \
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Another important observation is that the bubbles generated on the 1st site are 
consistently growing larger than those generated on the 2nd site. Someone might at 
first try to relate this behavior to the difference in total bubble growth time. However, 
superposition of the two growth histories, by making the nucleation points coincide, 
indicates that an explanation cannot be achieved along these lines. Thus, other 
tentative explanations are provided in the next section, based on predictions of the 
theoretical model, (Section 6.1.3.2).
t,S
Figure 6.4 Superimposing the growth curves of predecessor bubbles in water
Finally, the long-term evolution of the thermistor temperature during multiple 
generation cycles indicates a continuous drift towards higher values. This trend holds 
for both the peak temperature at each initial stage of bubble growth and the steady 
temperature of the final stages of growth. For example, the data depicted in Figure 
6.3(b) indicate a 1.6 °C increase between the first and second generation cycle and a 
0.5 °C increase between the second and third. The above behavior is attributed to 
the progressively higher liquid temperatures established around the thermistor after 
each bubble detachment, as compared to the uniformly low temperature before the 
first heat pulse.
6.1.3.2. Theoretical predictions
According to the non-isothermal model (developed in Section 3.4 and already 
applied to the case of single-bubble growth in Section 5.4.1.2) the experimental 
radius evolution data are reconciled with a radially symmetric mass and heat transfer 
model if it is assumed that the bubble temperature is uniform in space but varies with 
time and the model actually predicts this time evolution. Such predictions for multiple 
bubbles growing in water are compared to the measured thermistor temperatures in 
Figure 6.5.
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Here, two distinct cases of double-bubble growth are examined. In case A, the 
two bubbles exhibit a nucleation time delay between them (in the figure, the growth 
histories are superimposed to facilitate comparison) and in case B the bubbles 
actually appear and grow simultaneously. Curves A1 and B1 correspond to the 
measured thermistor temperature, A2 and A3 are the 2nd generation bubbles of run A 
and B2 and B3 are the 1st generation bubbles of run B.
The model predicts in all cases that the bubbles remain isothermal for a small 
time interval less than 0.5 s. This prediction is qualitatively consistent with previous 
results for single-bubble growth in water. It is recalled that in Section 5.4.1.2 we 
concluded that: (i) the time of isothermal growth depends inversely on delivered 
power and (ii) for the power range producing single bubbles this time was 1-4 s. 
Because higher powers are necessary to produce multiple bubbles, the time of 
isothermal growth is further reduced and the maximum temperature deviation at the 
end of the heat pulse increases.
It was noted in the previous section that bubbles growing on the 1st site are 
always larger than those on the 2nd, irrespective of whether the bubbles appear 
simultaneously or with a time delay. This is also verified by the model predictions, 
which show that the bubble temperatures do not coincide throughout their growth 
period. They start by having the same temperature (0.05 °C difference between 
them) and when the bubble reaches a size more or less equal to the thermistor's size 
they start deviating from each other. The model predicts that the two bubbles have a 
difference in temperature of 0.2 °C at the point in time when their size starts 
deviating. This temperature difference reaches 0.9 °C after 4 s of growth and 
escalates further with growth time. (Run B, where the difference between the bubbles 
becomes 2.2 °C).
A tentative explanation for the above site-specific bubble growth is that, since the 
thermistor is not completely spherical, the thermal boundary layer around it is not 
completely symmetrical either. The bubbles growing on the 2nd site (the ones with 
lower average temperatures) are assumed to correspond to higher-curvature regions 
of the boundary layer. Thus, they extend into the cold ambient liquid faster than those 
bubbles growing into a lower-curvature boundary layer.
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Figure 6.5 Average bubble temperature computed from the model compared to the
measured thermistor temperature.
6.1.4. n-Heptane
6.1.4.1. Discussion on production cycle
Figure 6.6a, 6.6b and 6.6c displays typical runs for n-heptane experiments and 
indicates a dramatic increase in complexity with power level. The temperature history 
presents the now familiar series of peaks, related to the initial stages of growth of 
each new bubble and attributed to the onset of Marangoni convection around the 
bubble-liquid interface. As with water, it is observed that peak values increase (but 
with a diminishing rate) between successive generation cycles. It is further noted that 
the time a bubble remains in contact the thermistor surface is significantly prolonged 
at high power levels. This extended contact time, in combination with multiple 
coalescence events, leads to very large bubbles of the order of 1 mm in radius. 
Since, at high power levels, in n-heptane, multiple bubbles are growing very close 
together, the jet that flows from bottom to the top of these different bubbles is 
coalesced into a stronger, larger and more stable flow (Wang et al, 2004), thus the 
bubbles remain longer on the thermistor surface.
The specific thermistor used for the n-heptane experiments has the following 
behavior: When the power level is 13-17 mW there are two active sites, the 1st 
(preferred site) indicated on the sketch as a black circle and 2nd site indicated as a 
white circle. With increasing power level, the number of active sites increases as 
well. Thus, at a power of 86 mW there exist five active sites. (This appears to be the 
maximum number of bubbles that can be simultaneously attached to the heater’s 
surface). It is concluded that the number of active sites is a strong function of the
l
power delivered to the thermistor, an observation that supports the notion of
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successively higher energy barriers needed to activate less favorable nucleation 
sites.
Nucleation time delay among successive generation cycles and among different 
sites during the same nucleation cycle confirms the above behavior. Thus, the first 
activation of the 2nd site depends strongly on delivered power. At a power of 13 mW, 
the site is activated 6.48 s after the onset of the first generation cycle, but this time 
delay drops to 2.52 s when the power is raised to 17 mW. Subsequent generation 
cycles exhibit very small (0.1-0.16 s) nucleation time delays at the lower power levels 
and no observable delay at the highest power of 86 mW.
The number of generation cycles during each microgravity session is observed to 
depend strongly on the thermistor power. At 13 mW, the total number of generation 
cycles (i.e. the number of bubbles successively growing on the 1st site) is two, at 
17 mW this number increases to four and at 86 mW is equal to eight. Given the direct 
dependence of active nucleation sites on the power level, the total number of bubbles 
produced during each microgravity session increases more drastically (four, eight 
and twenty-two respectively).
1WG 2nd G 4th G 1*' G. 2nd G.
(a) (b)
Figure 6.6 Multiple bubble growth and heating thermistor temperature data from-n- 
heptane (a) 13 mW, (b) 17 mW, (c) 86 mW.
T,
°C
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A fundamental difference between the experiments in water and n-heptane 
relates to the mechanism of bubble departure. Thus, whereas in water bubbles 
remain attached to their initial growth sites and depart due to j-jitters, bubble in n- 
heptane exhibit high mobility. Phenomena related to bubble mobility and induced 
interactions are described extensively in Section 6.2. Here, we only note in relation to 
bubble departure that, at low power values in n-heptane (13-17 mW), it occurs after a 
large bubble attracts a smaller one. In high power (86 mW) values, either the bubbles 
are coalesce and detaching or they form a new bubble that continues to grow. Such 
an example is indicated at Figure 6.7c). These bubbles (1-5) result from the 
coalescence of the bubbles remaining from the previous generation. After the 
coalescence, new bubbles appeared in their place. What is also worth noting is that 
bubble number 5 at 8.8 s stops growing as is lifted away from the thermistor by the 
other 3 bubbles that are growing simultaneously on the thermistor (this occurs at the 
6th generation). This event is also shown in Figure 6.32 later on this chapter. The 
volume of the bubble newly formed by the coalescence is exactly equal to the sum of 
the volumes of the previous bubbles, as expected.
6.1.4.2. Theoretical predictions
The time evolution of the average bubbles temperature, as predicted for n- 
heptane from the non-isothermal model, is compared to measured thermistor 
temperatures in Figure 6.7. Experimental instant A refers to growth of a single 
bubble during the first generation cycle (i.e. before activation of the 2nd site), with A1 
the thermistor temperature and A2 the predicted bubble temperature. Instant 3 refers 
the second generation cycle of the same experiment, with B1 the thermistor 
temperature and B2, B3 the predicted temperatures of the two bubbles now growing 
simultaneously. As in single-bubble growth in n-heptane, an impressively strong 
deviation between heater and bubble temperature is observed for all but the smallest 
superheats. Also, bubbles growing on the 1st site are always larger than those on the 
2nd, in agreement with the observations in water.
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measured thermistor temperature.
6.1.5. Comparison between single and multiple bubble size data 
Figure 6.8a (water) and Figure 6.8b (n-heptane) compares single bubble 
growth with multiple bubble growth experiments for each of the liquids examined. 
Comparison is made between the experiments with the highest power value that 
produce single bubble, and the experiments with the lowest power value that 
produced two simultaneously growing bubbles. It is observed that growth rates are 
almost identical, despite the existence of a significant difference in the average 
thermistor temperatures in each experimental pair (4.2 °C and 3.1 °C for the water 
and n-heptane runs respectively). The smaller growth rate of multiple bubbles 
(relatively to the temperature level triggering it) is attributed to the simultaneous 
competition for the carbon dioxide dissolved in the neighborhood of the thermistor. 
The same argument is invoked by Westerheide and Westwater (1961) in their
t,s t.s
(a) (b)
Figure 6.8 Comparison of single bubble growth data with multiple bubble growth data 
for the two test liquids, (a) water (b) n-heptane.
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6.2. Bubble-to-bubble interaction phenomena
In this section, qualitative and quantitative results are presented concerning a 
number of bubble mobility phenomena observed exclusively in n-heptane. These are 
the single bubble lateral motion, clustering and coalescence, bubble traveling, 
ejection and lift off. All these phenomena are observed on experiments contacted 
during microgravity conditions using the spherical heater. The bubble lateral motion, 
clustering and coalescence are additionally observed on the plate heater 
experiments contacted on microgravity and on ground conditions. On the latter, two 
different heater surface morphologies are used, in order to examine the effect of 
surface roughness on bubble motion.
6.2.1. Single bubble lateral motion
6.2.11. Spherical heater on microgravity conditions 
Figure 6.9 presents a typical series of instants with the corresponding bubble 
locations around the thermistor. The bubble grows initially at its nucleation site for 
0.68 s, and then embarks in a short-duration (0.16 s) trip to another position, where it 
continues to grow without any further movement. From Figure 6.9 it is obvious that 
even single bubbles are setting into motion. This consistently occurs (independent 




Figure 6.9 Instants during bubble displacement across the surface of the spherical
heater (thermistor), Tthermistor =45 °C
Although a naive explanation could be the action of the g-jiiters components 
parallel to the thermistor surface, it is not seem to be the dominant one since the 
motion pattern of the bubble is repeatable, whereas g-jitters are not always the same. 
It is believed that the main reason for the motion of single bubbles is the 
thermocapillary migration in a direction along the thermistor surface due to non- 
uniform curvature of the solid wall in this direction. To explain better the problem let
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us assume a bubble on the thermistor surface as in Figure 6.10. The motion around 
the axis of symmetry is not considered since in that direction there is no driving force 
for thermocapillary migration. The bubble stays attached to the thermistor even for 
zero contact angle due to thermocapillarity. The locus of possible positions for the 
center of the bubble is shown by the dashed line, defined as the locus of points with 
a distance R from the thermistor surface on the normal to the surface direction. Now 
instead solving the complete three dimensional heat transfer-fluid flow problem one 
can employ the approximation of Guelcher et al (1998) (for linear case) to find
qR ' dy ^ far λ
2μ UtJ l di )
Figure 6.10 Schematic of a bubble on the thermistor surface
where q is the hindrance parameter (0<q<1) depending from the distance between 
the bubble and the wall, T„ is the undisturbed temperature field, el is the length along 
the dashed line and l0 denotes the current position of the bubble. The steady state 
temperature profile due to conduction in the region of a solid surface depends on the 
surface curvature. For convex surface the local temperature change is inversely 
proportional to the local surface curvature. This means that the derivative in equation 
(1) is non zero and leads to a bubble motion induced by surface curvature non­
uniformity with direction from smaller to higher curvature (convex surfaces). This 
motion in the present case is complicated by the existence of g-jitters and the surface 
roughness which influences q. The gap between bubble and wall is of the order of 
1 pm so even for glass the roughness can influence the gap thickness and the 
bubble motion. As the bubble size increases, the derivative in equation (1) decreases 
radically. This may be the reason for ending of bubble motion as it grows.
This final size (the radius where the bubble motion is ended) together with the 
starting size (the radius where the bubble starts to move) is correlated with the 
temperature and is presented in Figure 6.11. Since, higher the temperature, larger 
the bubble becomes, it is expected that the starting size of the bubble depends on 
this. Although this dependence exists, the ratio between those instances is constant
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and equal to 0.8 (±10%). This is attributed to the fact - confirmed experimentally- that 
the bubble starts its movement, almost, at the same position in all the experiments 
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Figure 6.11 Final size together with the size of bubble that starts its movement with
respect to the temperature
Equation (1) indicates that an increase in temperature leads to an increase in the 
bubble’s velocity. This is evident in Figure 6.12, where the radial velocity starts at 
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Figure 6.12 Radial velocity of the bubble with respect to the temperature
Finally, Figure 6.13 contributes to the above mentioned arguments that 
thermocapillary migration is the dominant factor for the bubble movement. The time 
of movement depends on the temperature - the higher the gradients the quicker the 
bubble moves to its final position. The time of movement at the lowest temperature is
• Bubble at time of movement 
O Bubble at final size
O ·
: »:
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Figure 6.13 Bubbles time of movement with respect to the temperature
6.2.1.2. Plate heater on microgravity conditions 
A more intense lateral movement is observed with bubbles growing over the 
smooth plate heater. In Figure 6.14, the bubble starts traveling at much larger size 
(smaller curvature). In addition, it travels faster (average velocity between A and B: 
17 mm/s) while continuing to grow and, most importantly, when it reaches the edge 
of the heater it reverses direction and moves towards the hotter center of the heater 
(average velocity between B and C: 7 mm/s). At 0.48 s the bubble comes to rest but 
continues to grow.
·· ·
• · · ·
• ·
(a) (b) (c)
Figure 6.14 Bubble motion over the smooth plate heater (a) t=0 s, (b) t=0.28 s and (c)
t—0.48 S, Thermistor ~40 C
6.2.1.3. Plate heater on ground conditions 
The effect of the heater’s surface morphology is examined only on earth. Figure 
6.16 presents results from the disc heater with circular grooves. On this heater, the
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movement of the bubbles depends on their size (in fact, the size of their contact area) 
with respect to the grooves’ size. If a bubble is large enough it can roll about over the 
grooves but if it is small it follows the pathline of the grooves. In Figure 6.15, bubble 
(1) moves freely around, whereas bubble (2) moves along the grooves until it is 
trapped at a small pit (3). The linear velocity of bubble (2) is approximately 20 mm/s.
(a) (b) (c)
Figure 6.15 Bubble motion over the circular grooved disk heater, (a) t=0 s, (b) t=0.016 s
and (C) t=0.04 S, Thermistor —40 C
However, even minute scratches can detain and direct the movement of small 
bubbles as shown in Figure 6.16. Thus, while Marangoni convection appears once 
more responsible for the movement, it is not presently possible to accurately quantify 
the relative sizes of bubbles and surface irregularities that dictate this movement.
Wang et al., (2002) and Lu and Peng, (2005) have noticed an intense lateral 
motion (30-40 mm/s) of bubbles during subcooled boiling of water and alcohol at 
latm on very thin (0.1 mm) wires. However, this was not observed in the experiments 
with water on our heaters. So, it seems again that the relative curvatures of the 
bubble and the heater together with the relevant interfacial properties determine 
whether such motion will take place or not.
(a) (b) (c)
Figure 6.16 Bubble motion over the scratched disk heater (a) t=0 s, (b) t=0.17 s and (c)
t—0.24 S Thermistor —40 C
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 6: Results of multiple bubble growth and interaction phenomena 123
6.2.2. Clustering and coalescence
6.2.2.1. Spherical heater on microgravity conditions
When multiple bubbles grow simultaneously on the heater, three main types of 
coalescence are often witnessed; named type A1, A2 and B. The primary factor that 
determines which mechanism will cause coalescence is the power level (thus 
temperature) of the heating thermistor. This correlation between the sizes of the 
bubbles just before the time of coalescence with temperature is seen in Figure 6.17. 
Type A1 occurs at temperatures between 52 °C and 60 °C, type A2 between 65 °C 
and 88 °C whereas type B occurs between 80 °C and 88 °C.
T,°C
Figure 6.17 Types of coalescence with respect to the temperature
The type A1 (shown in Figure 6.18), coalescence is induced by thermocapillary 
effect that causes the attraction of a small bubble (2) to a larger one (1). The ratio of 
the large to the small bubble that are attracted is around 1.5 times while the distance 
between the bubbles ranges from 0.04 mm and 0.06 mm.
In the present work coalescence phenomenon on the thermistor it is quite 
compatible with the analysis performed in Guelcher et al (1998). The small bubble is 
attracted by the large fixed in space bubble. The mathematical problem here is much 
better defined than the corresponding one for the plane wall since for the present 
geometry the temperature field has a steady state solution so the Dirichlet boundary 
condition for the wall temperature can be employed. Despite the ease in formulation, 
the mathematical problem is very difficult to be solved for the present conditions 
(finite Re and Ma numbers). It is believed that in case of non-zero Ma like the present 
one, convection delineates the temperature profile so only the liquid entrainment
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 6: Results of multiple bubble growth and interaction phenomena 124
mechanism contributes to coalescence. The time this attraction occurs happens fast 
(takes around 0.08 s).
(a) (b)
Figure 6.18 Coalescence of two (2) bubbles attached to the spherical heater at (a) t=0 s
and (b) t=0.08 s, T,hermistor =51 °C
What occurs at type A2 coalescence, shown in Figure 6.19, is that the 
temperature is high enough to cause the activation of multiple sites, but the bubbles 
growing have different sizes. This happens because type A2 coalescence occurs at 
the 1st generations of the production cycle (see chapter 6.1) thus the bubbles (2-4) 
are growing with a time delay compared to bubble (1). Then at some instant the large 
collector bubble (1) attracts the rest of the bubbles (2-4). This attraction takes a very 
brief time of 0.04 s to occur. The average size of the attractor is 0.59 mm, whereas of 
the attracted bubbles sizes range around 0.34-0.36 mm.
(a) (b)
Figure 6.19 Coalescence of four (4) bubbles attached to the spherical heater at (a) t=0 s
and (b) t-0.04 s, Thermistor —81 C
The type B coalescence, shown in Figure 6.20, is attributed to the minimization 
of the free surface energy between the bubbles. Usually the number of bubbles that 
are in contact with the thermistor is between 2 to 4 and grow simultaneously (high 
power experiments). It only takes a small disturbance (g-jitter) to rupture this cluster 
and make all four bubbles coalesce into one. The collapse occurs so fast that, with
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our recording capacity, we capture only blurred images of the intermediate events 
(not shown). After 0.16 s, the newly formed large bubble is at rest and continues to 
grow until the heat pulse is over. Also, the 4 bubbles often move around the 
thermistor, but this is not correlated with the coalescence.
(a) (b)
Figure 6.20 Coalescence of four (4) bubbles attached to the spherical heater at (a) t=0 s









Figure 6.21 indicates that a linear relationship exists between the sum of the 
volume of the attracted bubbles to the volume of the collector, just before 
coalescence to occur. That may mean that a critical volume must be reached to 
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Figure 6.21 Sum of volume of attracted bubbles to the volume of the collector
6.2.2.2. Plate heater on microgravity conditions
The coalescence of bubbles on the smooth plate heater occurs predominantly 
between smaller, “tracer” or attracted, bubbles and larger, “attractor” or collector, 
bubbles, Figure 6.22. This is in agreement with what Sides and Tobias (1984)
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observed with their electrolytically generated oxygen bubbles on a vertical tin oxide 
electrode. In recent publications of the same group Kasumi et al (2000, 2004), a 
quantitative explanation of such phenomena has been attempted with reasonable 
success.
An interesting phenomenon is presented in Figure 6.23 where two bubbles of 
similar size coalescence. Bubble (1) which free-floats in the colder liquid is attracted 
towards the hotter bubble (2) due to Marangoni convection. Similar observations 
have been reported by Straub (2001) in microgravity boiling experiments.
(a) (b)
Figure 6.23 Coalescence of bubbles over the smooth plate heater, (a) t=0.54 s and (b)
t—0.64 S, Thermistor “50 C
6.2.2.3. Plate heater on ground conditions 
intense coalescence between bubbles of various sizes is observed in the 
experiments performed on the ground with both disk heaters. It appears that surface 
roughness plays a minor role in these phenomena. Figure 6.24 displays an 
interesting oscillation during the coalescence of two bubbles of comparable sizes. 
Despite the employed high recording speed (250 frames/s) the oscillation is still 
difficult to follow. All in all, it seems that coalescence may act as a natural means to
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free, once in a while, part of the heating surface from gas bubbles. This may be 
significant in designing boiling equipment for microgravity applications.
(a) (b) (c)
Figure 6.24 Coalescence of two (2) bubbles over the circular grooved disk heater (a) 
t=0 S, (b) t=0.003 S and (c) t=0.01 S, Tthermistor =50° C
6.2.3. Bubble traveling
6.2.3.1. Spherical heater on microgravity conditions
Another phenomenon - observed only once- called bubble travelling. This 
phenomenon consists of three stages; the ejection stage, the “long-distance” stage 
and the return to the thermistor stage. Figure 6.25 shows representative pictures of 
this sequence.
Figure 6.25 Characteristic instance of bubble traveling (a)ejection at 0.20 s, (b) 
coalescence at 0.80 s and (c) return to thermistor at 1.36 s, Tthermistor=90 °C
At the pictures, the bubbles named with numbers indicate those that perform the 
“travelling”, whereas those indicated with letters are attached to the thermistor 
surface. When a heat pulse is applied, two bubbles start growing on the thermistor 
surface, bubble (a) and (1). 1 is ejected having a size of 0.19 mm. Then the bubble 
floats at a distance away from the thermistor for 0.32 s. At the same time more 
bubbles are created on the thermistor and one of them is ejected (2) having a size of 
0.23 mm and approach bubblel. At a time 0.88 s (after the onset of the heat pulse), 
bubble 2 (the larger bubble) attracts bubble 1 and coalesce with each other while free
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floating on the bulk of the liquid. This coalescence resulted to a bubble of 0.3 mm in 
size. Then this newly formed bubble (1+2) moved around for 0.48 s before the 
thermistor attracts it to its surface (almost exactly at the point where the 1st bubble is 
nucleated). What is noticed is that the movement of the free floating bubble (repelled 
or dragged towards the thermistor surface) depends on the activity on the thermistor. 
It is observed that when bubbles growing at the side of the thermistor towards the 
free floating bubble, then the latter moves towards them. The cause of that is 
attributed to the thermocapillary force exerted by the thermistor or by the bubbles 
growing on the thermistor, which create a jet flow emanating from their top (Wang et 
al., 2005 and Christopher et al., 2006).
Something similar to the bubble traveling phenomenon is seen by Straub (2000) 
in subcooled boiling of Freon R11 under microgravity conditions. At low subcooling, a 
value of about 2-3 K, the bubble grows up to 12 mm and what he observed is that the 
bubble slowly departed from the heater, sometimes stood stationery at some 
distance from it return and departed again, always surrounded by a thermocapillary 
flow.
Figure 6.26 shows the coordinates of the movement of the free floating bubble 
(1, 2, and 1+2) ejected where (0, 0) is defined as the ejection point on the surface of 
the thermistor.
Thermistor
Figure 6.26 Coordinates of the bubble traveling with respect to the thermistor surface
Figure 6.27 shows the linear velocity with respect to the distance from the 
thermistor and Figure 6.28 the progression of linear velocity with time.
The bubble is ejected with a velocity of 13.5 mm/s to a distance of 0.4 mm. Then 
the velocity drops drastically as the bubble floats away from the thermistor, but never
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dropping at a zero velocity - except when coalescence of the bubbles occurs. Then 
the velocity increases again reaching a maximum of 10 mm/s at the time the bubble 
(1+2) returns to the thermistor surface which is consistent with the thermocapillarity 
theory.
Figure 6.27 Linear velocity of the bubble with respect to the distance from the
thermistor
Figure 6.28 Linear velocity course with time
6.2.4. Ejection
6.2.4.1. Spherical heater on microgravity conditions
Another phenomenon observed, called ejection or rapid fire emission. The latter 
name was found in electrolysis literature, where Glas and Westwater (1964) in their
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electrolysis experiments observed rapid fire emission of a jet of bubbles occurred 
among other, for C02on platinum anodes in 0.5N and 1.0N Na2C204 electrolytes, but 
only when the metal has a relatively rough finish and they noted that also could not 
be obtained consistently in their study.
In this study also this phenomenon was observed once with the following 
scenario, and some characteristic instances are shown in Figure 6.29,
(a) (b)
Figure 6.29 Typical instances of bubbles ejected at (a) 0 s and (b) at 0.04 s,
T thermistor “45 C
At 45 °C, a bubble starts growing and remains attached to the thermistor for 
15.68 s. At some point a 2nd bubble grows and pushes the big (1st) bubble away from 
the thermistor. When the big 1st bubble detaches then after 0.04 s the small bubble 
also detaches. This onsets an ejection sequence at 2 different directions of a series 
of 22 bubbles (11 pairs). One direction is at 30° (which bubbles ejected 4 times out of 
11) while the rest are ejected at 65°. The bubbles that ejected at 30°, detached 
quicker. An assumption of this fact is that the big bubble that detached earlier still 
floats in that direction. So at times may be closer to the direction of the bubbles 
ejected (but still out of the view of the camera) so it attracts the bubbles quicker 
towards that direction.
The total duration of the ejection event is 1.96 s with an average ejection 
frequency of 5.6 Hz. The bubbles ejected at 65° have a frequency of 5 Hz, whereas 
those ejected at 30° have a frequency of 13 Hz. The radius of the bubbles at the time 
of ejection is correlated with that of the thermistor (0.10-0.14 mm). As shown in 
Figure 6.30, the size of both bubble before ejection is the same and it depends on 
the time of growth. Also on the graph is noted the sequence of ejection from [1] to 
[11], Longer the bubbles stay attached to the thermistor surface, bigger their radius 
is. The velocity decreases with the size and ranges from 24 mm/s to 40 mm/s, as 
shown in Figure 6.31.
Institutional Repository - Library & Information Centre - University of Thessaly
08/12/2017 03:19:29 EET - 137.108.70.7
Chapter 6: Results of multiple bubble growth and interaction phenomena 131
A possible reason for the ejection is the g-jitters components in r direction. If 
those insist for some time then the bubble will exit from the temperature field of the 
thermistor with no chance to return. Else the thermocapillary force will drug the 
bubble backwards to the thermistor. The simultaneous motion of the bubble in 
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6.2.5.1. Spherical heater on microgravity conditions
In the absence of external forces to destroy the liquid film between bubbles in a 
cluster, the following event -documented in Figure 6.32. A large bubble (1) is picked
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up by two adjacent small bubbles (2+3) and is lifted-off from the heater. After 
detachment, the large bubble stops growing. As with coalescence, this phenomenon 
may be particularly useful for operating boiling equipment in weightlessness, where 
bubbles need to be periodically removed from the heating surfaces. This instance is 
also shown graphically in Figure 6.6c (bubble 5, where in the following figures is 
bubble 1)
(a) (b)
Figure 6.32 “Pick up and lift-off” of a large bubble (1) by two smaller ones (2+3) 
attached to the spherical heater, at temperature. Tthermlstor =85 °C
6.3. Intermittent bubble growth
Intermittent bubble growth experiments have also been undertaken with the 
application of two short heat pulses separated by an idle time interval. This type of 
experiments is applied only at water experiments. In this way, bubbles reach initially 
a desired small size (usually close to the size of the thermistor), and then the second 
heat pulse triggers their further growth. Figure 6.33 displays two indicative curves of 
such runs. In the 1st growth period (GP) the bubble reaches approximately the 
thermistor size. The heating time to do so depend on the power level selected. The 
1st GP is followed by a waiting period, where the bubble starts to shrink chiefly due to 
gas re-dissolution and also some vapor condensation. The degree of shrinkage 
during the waiting period in the present experiments is proportional to the delivered 
power. Thus, run A of Figure 6.33 shows a shrinkage rate of 1.5% per second (5 s 
waiting time) whereas run B, with 40% higher power level, shows a shrinkage rate of 
3% per second (7 s waiting time).
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Figure 6.33 Two indicative curves of intermittent bubble growth experiments
The final growth (2nd GP) of the pre-existing bubbles is accomplished by a second 
heat pulse of the same intensity as the first. The resulting composite bubble evolution 
is shown for the two experiments, A and B, in Figure 6.34, where the waiting period 
is not included and the final growth curves are moved to the left. It is interesting to 
observe that the two experiments reach the same final bubble size, despite the 
difference in thermistor power. This intuitively unexpected result is attributed to the 
shrinkage effect of the waiting period, which is stronger for the higher power.
Figure 6.34 Resulting composite bubble evolution for the two experiments
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7. CONCLUSIONS
A summary of the key findings in the experimental investigation, along with 
predictions from the theoretical model, is presented below followed by suggestions 
for future work.
• It is chiefly the physical and transport properties of the test fluids (gas 
solubility, mass diffusivity, vapor pressure) followed afar by the power 
delivered to the thermistor that govern the rate of bubble growth. The bubble 
growth rates measured in n-heptane are much higher than those measured in 
water, glycerin-water and phosphate buffered saline solutions, despite the 
fact that the delivered powers and heater temperatures for n-heptane are the 
lowest of all.
• The heater temperature varies linearly with the power of the applied heat 
pulse. For the same fluids, increasing heater temperature leads to higher 
growth rates and stronger deviation from the a=0.5 power law (R~ta). 
However, the dependence of growth rate on delivered power gradually 
diminishes, and (beyond a certain fluid-dependent value) further increase has 
no significant effect on the growth rate of the bubble.
• A time delay, which depends inversely on heater temperature, is always 
observed between onset of the heat pulse and bubble nucleation. This time 
delay is interpreted in terms of a minimum energy level needed to activate a 
favorable nucleation site, which remains always the same for a specific 
thermistor.
• Each new bubble produces a peak in the thermistor temperature history, 
which consists of a steep increase before and during its appearance and a 
steep decline as soon as it reaches a significant size. The phenomenon is 
interpreted as a consequence of thermocapillary convection induced by the 
non-isothermal bubble interface on the surrounding liquid.
Beyond a certain (liquid-dependent) power, multiple bubbles are generated 
and grow simultaneously on the heater. The number of bubbles depends
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predominantly on the physical properties of the liquid tested, and less on the 
power level delivered. Compared to single bubbles in the same liquid, multiple 
bubbles grow slower because of keener competition for the same amount of 
dissolved gas.
• n-Heptane is unique in that bubbles growing in it exhibit high lateral mobility, 
leading to phenomena such as bubble clustering, coalescence, ejection and 
lift off. This behavior is attributed to thermocapillary migration in a direction 
along the thermistor surface dictated by the non-uniform curvature of the solid 
wall. It occurs in n-heptane because of its high bubble growth rates, resulting 
in stronger temperature gradients along the gas-liquid interfaces.
• A theoretical model is used to predict the time variation of the mean 
temperature of a spherically growing bubble, based on the experimentally 
determined radius evolution curves. Predictions show that there is an initial 
period where the bubble grows in thermal equilibrium with the heater. 
However, the higher the bubble growth rate, the shorter the equilibrium period 
and the stronger the subsequent deviations between mean bubble and 
thermistor temperature.
Suggestions for future work
The results of this PhD thesis have contributed to an understanding of single and 
multiple bubble growth from a locally supersaturated liquid solution. They have also 
indicated a rich phenomenology that is presently only partly understood and provides 
strong motivation for future work. Thus, we conclude by some relevant suggestions.
> Study of bubble growth on a plate heater in greater extend will help to better 
understand the role of heater geometry on bubble growth and bubble to 
bubble interactions. The use of different heater surface morphologies (similar 
to those used in this present work) and performance of parallel experiments in 
microgravity and on ground is also suggested.
> The use of a fast camera to capture the early stages of bubble growth. This 
will help to better understand the whole growth process from the very
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beginning of the bubble inception and give a better feeling for the role of 
nucleation in the present spherical heater geometry.
> Different liquids and different saturation gases could be studied, in order to 
verify the results presented at this work and extend them to other 
technologically important fluids.
> The role of Marangoni convection should be considered further, as it is crucial 
to the understanding of bubble growth and as explanation in the phenomena 
observed.
> Improvement of the theoretical model in conjunction with computer 
simulations will help to deepen our understanding of the problem.
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DEMONSTRATION OF THE MECHANICAL STRENGTH OF 
STRUCTURES SUPPORTING AIRBORNE EXPERIMENTS 
(Formulas are given bv Novesoace)
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(A) Weights of the experimental apparatus
Test table
Weight Height of center of gravity
M1=85.10 Kg H1=252 mm
(B) Technical data
















= 252 mm (A1-1)
(D) Crash performance
(D1) Shear stress on the attachment screws.
> The standard sets a 9g forward acceleration in the event of a crash,
> The force experienced by the test table is thus: F = 9 Mg = 7,513.5 N
Hence a shear force on the attachment screws of Fc = — (A1 -2)
n
Where : M = total mass capacity for cargo bay = 85.10 Kg
g = 9.81 m/s 
n= number of screws = 4 
Gives Fc= 1,878.4 N
Safety coefficient = C = = 37^429 = 1 g g (A1.3)
y Fc 1,878.4
(for 12 mm nominal diameter)
(D2) Traction force on the attachment screws
Assuming a crash landing, we consider that the bay rotates around the front 
attachments and thus only the rear attachments take up the force. Then, the 
horizontal acceleration creates the following moments:
FH = Xd (A1-4)
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F = 9Mg (A1-5)
H = height of apparatus center of gravity =252 mm 
X = force on rear attachments
d = distance between forward and rear attachments = 885 mm
9MgH 4N (A1-6)
d
X represents the force experienced by two M10 screws, thus a traction force on the
screws of: X'= —= 1,069.7 N (A1-7)
2
The pre-stressing of the screws by the 2mKg tightening torque imposes an additional 
traction force of 14000N. The traction force on the rear screws is thus:
F = X’ + 14,000 =15,069.4 N




(D3) Bending strength of uprights
The bay consists of four uprights made from 80 x 52 x 47L sections: 
Mtmax =1,402,500 Nmm(see table concerning unequal flange brackets)
Bending moments on an upright
M(_9MgH
n
M = total weight of equipped bay = 85.10 kg 
g = 9.81 m/s
H = height of center of gravity 252 
n= number of uprights = 4
Mf = 473,349.2 Nmm




General notations: Re: yield strength of the material
Rm: tensile strength of the material subject to traction forces 
Rc: tensile strength of material subject to shear forces, Rc=0.6Re 
Mfmax: maximum bend moment
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Figure A2-2 Calibration curve and regression polynomial for heating thermistor 4
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Figure A2-4 Calibration curve and regression polynomial for heating thermistor 7
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Figure A2-6 Calibration curve and regression polynomial for heating thermistor 9
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Figure A2-7 Calibration curve and regression polynomial for the nominal power 
delivered to the heating thermistor
y = 7.10E-04x - 8.24E-03 
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NUMBER=INPUT('PLEASE GIVE THE TOTAL NUMBER OF IMAGES ')
LIMITX1=INPUT('PLEASE GIVE THE XI COORDINATE ')
LIMITX2=INPUT('PLEASE GIVE THE X2 COORDINATE ')
LIMITY1=INPUT('PLEASE GIVE THE Y1 COORDINATE ’)
























CLEAR VW CC C VI COUNTER
END
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